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CENTRIFUGAL DISTORTION IN ASWiETRIC TOP MOLECULES 

By 

VI JAY KUMAR KAUSHIK 
Ph.D. 

Department of Physics 

Indian Institute of Technology/ KQnpi.tr/ India 

Centrifugal distortion analysis has been very useful for 
the Complete analysis of the microvrave spectrum of a molecule. 
When high resolution microwave techniques are used to study 
the pure rotational spectrum of the molecule it is found that 
the rigid rotator theory is insufficient to describe the 
olDserved spectrum. The molecular rotational levels are not 
predicted exactly by rigid rotator theory but are influenced 
by the centrifugal distortion. Since the transitions in the 
conventional microwave region in asymmetric top molecules may 
occur between states of rather large angular momentum/ the 
shift in energy levels of such molecules due to centrifugal 
distortion is considerably large compared to that in symmetric 
top molecules. 

The present thesis deals with the calculation of centri- 
fugal distortion constants for inorganic as well as organic 
molecules. These molec-ules are Nitric acid (JINO^ and Dlp^^/ 
Tetraf luorohydrazine and Allylamine (NGLGl and NGLT) . 



xii 


Chapter I deals with the general theor^^ of asiTninetric 
rotators, calculation of rigid rotator energies and calcula- 
tion of centrifugal distortion constants xi^ith different 
notations, i 4 e., Nielsen's, Watson's and Kivel son-Wilson 's. 

In the last part of the chapter a- type, b-type and c-type dipole 
transitions and selection rules are discussed. 

Chapter II describes the analysis of the rotational 
spectrum of HNO^ and DNO^ molecules up to J=12 in the frequency 
region 5-45 GHz. These molecules are nearly oblate with both 
a and b components of dipole moment and therefore we expect 
the spectra to consist of a- type as well as b-type transitions. 
Only twenty-two transitions in HNO^ end seventeen in DNO^ have 
been reported experimentally by earlier workers. Since the 
molecules are asymmetric tops, we cannot predict the unreported 
lines accurately unless we apply the centrifugal distortion 
correction to each transition. We' have used the reported 
spectr-um to calculate the rotational and centrifugal distortion 
constants. Thus, the refined rotational constants and quartic 
centrifugal distortion constants have been calculated for HNO^ 
and DNO-, molecules. The calculated rotational and centrifugal 

O 

distortion constants have been used for the prediction of other 
possible transitions in both the molecules. Different a- type 
and b-type series have been presented such that the comparative 
study can be made betwe^ the two molecules. Using the earlier 
constants the difference between the observed and calculated 
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value was approximately 25 MHz for J=12. Now the calculated 
values lie within +0.43 MHz of the experimental values for 
FIKO^ molecule and within +0.61 MHz for DNO^ molecule. 

Chapter III describes the analysis of the rotational 
spectrum of Tetraf luorohydrazine moleciile in the frequency 
region 19-33 GHz up to J=21. This molecule is a near prolate 
molecule vrith only c component of dipole moment, so only c-type 
transitions are expected in the rotational spectriJm of the 
molecule. Only tv7o Q-branch series namely J. _ and 

J 5 j_g have been reported so far up to J=21 and both 

these series correspond to At =3. The reported spectrm of the 
tetraf luorohydrazine consists of twenty-five lines. These lines j 
have been used to calculate the refined rotational constants 

: I 

and quartic centrifugal distortion constants. When these '' 

calculated rotational and centrifugal distortion constants were 
used to predict the possible transitions within A t <_3 in the 
frequency region studied, it was foiond that even the ^ ^ 

and j 4~‘^6 J 6 series have not been reported comple- 1 

tely. Hence we have predicted these series as well as other 
possible series in the above frequency region completely. The 
calculated spectrijm lies within +0. 41 MHz of the experimental 
values while the difference between the earlier calculated 
values and observed values was much larger ranging, for 
instance, from about 2 MHz for J=10 to 100 MHz for- J=21. 
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Chapter IV of the thesis deals with the analysis of the 
microwave rotational spectrum of the two isomeric forms, of 
allylamine namely, N-gauche, lone-elec tron-pair gauche 1 (NGLGl ) 
and N-gauche, lone-electron-pair trans (NGLT) in the frequency 
region 5-40 GHz Tjp to J=2 6 and J=29 respectively. The molecule 
allylamine is near prolate molecule v/hich can have several 
isomeric forms. As the moleciiles NGLGl and NGLT have all the 
three nonzero dipole components, we expect the rotational 
spectra of these molecules to be very crov^ded with all the 
a- type, b-type and c-type transitions. The reported spectrum 
of both ;-the forms of the molecule consists of two Q-branch 
series - ^ t , series which is b-type and J. -r 

series which is c-type. We have suff icientA^lines to calculate 
the quartic centrifugal distortion constants of these molecules. 
The inclusion of centrifugal distortion effect improves the 
result to such an extent that the irin< 2 -s--f©r-"*JhiGh .differences 

-.43.182 MHz for 

\ 

NGLGl and 430.228 MHz for NGLT, now reduce to within +0.584 MHz. 
We have used the rotational and centrifugal distortion constants 
to predict the other lines of the molecules in the frequency 
region studied up to the specified J values. One more Q-branch 
series corresponding to a- type has been predicted with the 
other possible R-branch series also. In the end of the 
chapter a comparative study of Q-branch series of NGLGl and 
NGLT has been made. 


between the observed and calculated valuesKwere 

l\ , 
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Recently, after completing the main part of the thesis, 
the work has been extended to the molecule. Tlie spectrum 

has been analysed lop to J=19 in the frequency region 15-36 GHz. 
The analysis gives refined rotational constants and all quartic 

distortion constants. The calciflated spectr\m lies within 
+0.06 MHz of the experimental values, while the difference . 
between the earlier calculated values and observed values (even 
after inclusion of a term of the type K_^ J(J+1')) v;as as 

high as 33 MHz. The resixLts of analysis are presented in 
App endix. 
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ABSTRACT 


The general theory of asymnTetric rotator is given. ■ 
The calculations for rigid rotator energies are also given 
and have been extended to nonrigid rotator energies which 
include the centrifugal distortion correction. Different 
notations for centrifugal distortion constants, i.e. 
'Hielsen, Watson, Kivelson and Wilson' have been discussed 
and methcyis of calculation of all these constants have been 
given. In the end, the three different types of rotational 
transitions a, b and c types and- their selection r\.iles are 


discussed 



INTRODUCTION 


The molecules having \inequal moments of inertia about 
the three principal axes are classified as asymmetric top 
molecviles, i.e. ^ 1, Those molecules for which 

Ig^ 'V Ij^ 5 / I^ are knovm as near-obl ate asymmetric tops while 
those for which 1.^ ^ 'L,^ I^ are known as near -prolate asym- 
metric tops. Hie degree of symmetry in these types of molecules 
is considerably less than that of a linear or symmetric top 
molecule, v/hich complicates the energy level calculations of 
these molecules. 

The two main differences of asymmetric top molecules 
from symmetric tops are - 

(i) In an as 3 mimetric top molecule the projection of J 
(Total angular momentum) is not constant along any axis fixed in 
the molecule, i.e. K is not a good quantum numjier. Thus asym- 
metry removes the degeneracy of the energy levels, and instead 
of their being (J+l) levels corresponding to different values 

of K, each level is nov/ split into (2J+l) srib-levels of 
different energy values. 

(ii) Since the transitions in the conventional microwave 
region in asymmetric top molecules may occxir batvreen states of 
rather large angular momentum (high J values), the shift in 
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energy levels of such molecules due to centrifugal distortion 
is consideralDly large compared to that observed in symmetric 
top meleciiles. 

Even though the asimimetric rotator possesses no quantum 
numlDer comparable to K, the parameter K is retained to label 
the energy levels in the follovring manner. Each level is 
labelled as J,, , the former suffix being the value of k for 

the particular level in the limiting prolate symmetric top and 
the latter the value of K in the limiting oblate s^nametric top. 

CALCULATIOH OF THE RIGID ROTATOR ENERGY 
The energi^ of a rigid asymmetric top is expressed as: 

- p2 p2 p2 

^ ^^a'^o^^c^ “ \ ^T” iT 

^ a b c 

where P ^ P, and F are the components of ang\ilar momentum 
Q. JD C 

along the principal inertial axes a, b and c of the rotator 
v^ith and as principal moments of inertia. The 

rotational constants A, B and C of the molecule can be defined 


in 

terms of moments of inertia I 

I, and as : 

a o c 



A = 3 = 

and C = 

(2) 

So , 

E(A,B,C) = ^ (Ap2 + BP^ 
h 

+ cp2) 

(3) 


•The matrices for P^/ P^ and P^ may be any set of 
angular momentum matrices which satisfy the Poisson bracT’et 
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relations. To examine the general properties of such a set 
of matrices, let us take a right handed system of Cartesian 
axes X, Y* z fixed in the rotator with the origin at its center 
of mass. The commutation relations are -- 

Vy " ^y^x = 

Vz " ^z^y = 

and P P ~ P P = -ih P 

z X X z . y 


A solution of these matrix equations is ~ 

<^JK I P^l JK+l)> =«(JK I - iP^I JK+l)= ‘I [ J(J+1)-K(K+1')] 

( 5 ) 


<^JK 1 P^ Ijk)> = liK 

The representation used here is that which diagonalizes 
2 2 2 2 

P_ and P = P + P + P_; and which corresponds to vjavef -unctions 
<<6 y Z 

chosen by Wang,^ Mullilcen^ and Van Vlecl:. ^ Tlie phase factors 

-^ob 

of tliese functions are such -at P^ is real and positive, and 
is imaginary. 

It follov/s from (5) that the squares of the angular 
momenta which appear in (3) are 

2 

<(JK ! P| { Jk) =<(jKj P| I JK^ ='!" [ J(Jtl) - K^] 

<^JK IPy j = - <^JK { P^ ) JK+2)>= “C{ j{J-i-l)-K(K-fl>> 

{j(j-t-l) - (K-hl) (K+2) }]^ 


( 6 ) 
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and 


<_^JK I I Jk) = 

^JK Ip^I jk") = j^j-m) 


(7) 


The calculation of energy levels is greatly facilitated by 
the change in variables made in the following manner as 
proposed by Ray.'^ 

Let a and p be the scalar factors, then - 

E(PA+P, oB+p, OC+P) = [(crA-H5) P^ + (<JD+p) P? + (aC+p) P J ] 

a .o c 


_ I 

~ h 


2 [o (AP^ + BP^ + CP^) + P (p2 + ^ p2)] 


aE(A,B,C) -(- PJ(J+l) 


( 8 ) 


Ray now chooses 


so tliat 


P =- 


A - C 

A + C 
A - C 


(9) 


«r A + P 


<jB + p = 


2B - A - C 


A - C 


(lO) 


oC + p = -1 


He then defines the parameters of asymmetry Ic as 


2B - A -• C 
A -“C 


( 11 ) 


so that ^1 ji. h ^ +1 , 
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Siibstituting (9), (lO) and (ll) into (S') we obtain, 

E ^ E(A,B,C) - 

or, E(k) = E (A,B,C) - J(J+l) 

or, E(lc) = E(A,D, C) - J(J+l) 

or, E(A,B,C) = ^ J(J+1) + ^ E(k) (12) 

where E(k) is the reduced energy value.^ Furtlier Ray'^ has 
shown 

E'i (k) = -Et (-k) (13) 

where t_ - K^), 

Equations (12) and (13) shov/ that if the energy levels 
for the values of 3c; between -1 and 0 are determined, the energy 
for Ic between +1 and 0 can be obtained by simple multiplication 
and addition.® 

When high resolution microwave techniques are used to 
study the pure rotational spectrum of the molecule, it was 
realized that rigid rotator theory is not sufficient to 
describe the observed spectrum. The molecular energy?', levels 
are not predicted exactly by rigid rotator theory but are 
influenced by perturbations, such as those resulting from 
rotation-vibration interactions and centrifugal distortion. 
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CENTRIFUGAL DISTORTIOIl EFFECT 

As the bonds between the atoms in a molecule are not 
rigidy the interatomic distances will var^^ with the speed of 
rotation giving rise to centrifitgal distortion. The magnitude 
of the distortion x^/ill be dependent on the angular velocity 
and hence on the rotational energy as well as the location 
of various off ajcis atoms. 


The theory of centrifugal distortion has been developed 

D "in 

by many authors for the rotational spectra of asymmetric 

top molecules. The exact solution of the problera involves 
the diagonalisation of Hamiltonian matrix having off diagonal 
elements in K only. 


The Hamiltonian for a semi-rigid rotator may ’-le expressed 


as 


18 


H = H' + h' 
o 1 


v^here iH = Rigid rotator Hamiltonian 


vrith 


2 2? 

= AP'^ + BP -}- CP"^ 

2 UC y 

A= and C 

21 ^ 21 
Z X 


21 


and H^ 


Distortion term 




I 


^5 


where P- ( o = x,y/z) is the o-component of angular momentum 


operator in units of h and '’^agy^ centrifugal distortion 
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constants independent of the quantxm numlDers. 

So, ■ 

H = A + 3p2 + cp2 4 I ■>. i-B Pd (1) 

etpyo 

Hamiltonian (l) is referred to as Wilsor?'^ form of 

Hamiltonian. Because of the non- commutating character of 
angular momentum components there are a total of eighty one 

terms where there ■ are only tv/enty one different value;^^ of f's 
in the sum of - equation (l). However,/ the n\mber of constants 

is significantly reduced^® if the molecule possesses some 
siTnmetry, For Orthorhombic molecules for example out of the 
twenty one coefficients, since many are equal to one another, 
ov o io left ''.'ith only the following nine different guartic 
distortion constants. ■ 


aaoa* 'aa 06 SSaa * ^aBaB 


• t 


oB6a 


■ T, 


BaoB 


» T 


BaBa 


C2) 


wi-th a f* 8 

3y using commutation . rules governing angular momentum 
operators, terms of the -type aBaB can i^e removed from..H^ by 
choosing -the new parameters. 


A' = A + hi- (3 T - 2 T - 2 T ) 

4 xyxy xzxz yzyz 

B' = B +.4-h'^ (3 T - 2 T - 2 T ) 

4 y^yz 3cyxy xzxz 

C' = C + 4 ■ (3 T - 2 T - 2 T ) 

4 ^ ^xzxz xyxy yzyz 


c4 


oaon cuuta. 


(3) 
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The Hamiltonian (l) can then be written as - 
H = A'p2 4. B'p2 + C'p2 (- 

This is the Kivelson-VTilson form of Hamiltonian. Here 

T’ * T* 

ctagB SBoa 

Expanding (4), we get - 


_ 1 _ *0 / 

+ J-.) 


C'p2 + 

^ t’ p"^ + “ 

4 XXJCX X 4 

T* 

y^/Y 

+ i- 

t’ 

p'^ + A 

T» (P^P^ + 

r-,2„2\ 

p P ) 

4 

zzzz 

z 4 

xxyy X y 

y X 


+ i (P^P^+P^P^) + i X* (P^P^+P^P^) 

4 ~yyzz ^ z y ^4 ^zsxx '■ z x z^ 


Using the angxilar momentim relations we get the expectation 
values of various operators on the right hand side of ( 6 ) as - 

< Px) = ^ t + 2=' <Px > 

+ (A"-CO^ /pj ^-ac'p^ E - 2(A"-C' ) E <'p^>+E^l 
\ z / r r'^z' r 

where = <H^> = A' <P^ >+ 3' <P^ )+ C' <p2), 

= ( g - AgP ") ^ + 2B" (A^-B0 P^<(P2^ + (A'-BO^ 

/p^^- 2 B'pV - 2 (A'-B 0 E^<^p 2 ^+ E^J, 
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<( + P V = -2 ^ [ 3" + (A^ P/ 4-A' C' -2B^ C^ ) P^ 

<P^)>+ (A'-BM (A'-CO <^P^)>- (B'+CO 
P^E^ - (2A'-3'-C') ^<3^)+ <7) 

-2(5rV>f='P^<P2> + <A'-C')<pj>- e^<;p5i 

and 


<'pr.p 


Y 2 


+ P2Py>= [ 


■R' 


.4v 


<P^> + (A'-B')<^P^) - E_ 


<?Z >1 


[ In deriving aloove relations, the follox'/ing relations 
have been used - 


< 

1 

u 

11 

(A' -C' ) P^ 

~ C'P^ ] / iF/-C' ) 

(8) 

y 

= [H - 

1C 

(A'-B') P^ 

- P^ ] / (C' -E' ) ] 



From these one may construct the desired average value 
equations - 

<(?"*).= ( j+i ) ^ 

<^-4>= 4 


2 

H 

r 

4- 


= 2 E J (J+l) 'h^ 

■ T 


2 

H 

4" 

H \ 

= 2 E P^ \ 

(9) 

r 2 


z r/ 

r\ z / 

2 2 
p2p2 



= 2J (J+l). <^P^ ) 
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and also 
and 


<^JK [ { JKy = J(J+1') 

<^JK ) I JK^ = RK 


( 10 ) 

( 11 ) 


because the basis sets are such that these diagonalize P, 
and P^. 


Using the above relations, we get Jifee Nielsen's 
expression for energy as - . 

E *= + A^E^ + A^E^JCJ+I) -f A^J^CJ+I )^ + 

J(J+1) <p2>+ A5 <,pJ>+ ■ ■ (12) 

wherein E^ is the energi^ of a rigid rotator and 


A, 


16R, 


(B'-C' 


^16Rg(D^+CM ^ 

^2 - (B'_C^ )2 + y J 


16R^B 'C' 


A^ = - D, +2R^ + = :r + 

(B' -C^ ) 


J ‘"‘'e ^,,2 rB'-c'T 


(B'-i-C') 

26 


/ A / 2 p / (-,f \ 

A = - _ 2 6cr - 16R^ + 4R^ a‘ 


JK 

. AT} (B"+C^ ) 1 
^ ^^5 ( b ' -C' ) ■* 


(D'-C' )^ 


(13) 


^In the case of syinmetric rotator R^/ Rg and 6 vanish and B=C. 
It can also be seen that tlie factors multiplying R,., R^ and <5 

20 3 D 

are finite. With these resiilts and remembering that 


<^P^^ = <^P^^ ~ symmetric rotator limit, one gets 

(from equation (12)) 


E = E^ - DjJ'^(j+l)"‘ - J{J+1) ^ IC 

which is the reswlt given by Dennison and Slawslcy. 


21 
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^ I + 4R5 c+ 2Rg - 4 Rg ] 




8 R^ - 16R,o 

D O 


and 


0 = 


B' -C' 

The constants 6 , Dj, ^jk;/ ^5 ^nd Rg are Nielsen's centri- 

fugal distortion constants and are given in terms of t's as - 


6 = - Ct - t 1 

16 *• XXX3C yyyy 


[3t + 3t + 2t + 4t ] 

32 *• 'xxxx yyyy ■ xxyy xyxy 


D,. = D^. - i- r T - T - T - 2t - 2t 7 

K J 4 *• ^zzzz ^zzxx yyzz xzxz yzyz-* 

(14) 


JK 


Rr 


D-r - Drr 

- i 

T 

J K 

4 

^ZZZZ 

1 -«4 r 

32 ^ 

xxxx ~ 

'yyyy 

2 ( T- 

+ 2 T 

)1 

yi^zz 

yzyz 


2 (x “f- 2 t ) 

^XKZZ xzxz 


and 




, •«- 2 ( 4- 2 ^ ) T 

:3Qcxx ''yyyy ^Scxyy xyxy ■* 


Rearrangement of terms in the energy expression (12) . 

, 22-23 

gives the energy of semi-rigid rotator as 

E = E + E, 
r d 

where is tlie energy of a rigid rotator with the following 
modified rotational constants - 
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A' 


+ 16Rg 

16R^ (A'-CO 
6 _ 

-cHT 


c = 


16R, (A' 


-3M 


"(b'" -c"T 


and 


E 


d 


~dj J (J-f-l) - djj, J(J-fl) 

-<^EJ A - Ak 


(15) 


(16) 


2^ — 23 

where d-coef f icients are given by Watson in teirns of ?:he 

Kiel sen’s coefficients as - 


d-r = - 


2« (3^+C" ) 


"J ~ (B" -C' ) 6 


d^,, = _ 2 0fi + 4 (R^ +20 R^) + 12 R, 


■■JK 


6 B'-C' 


d„ = D„ + 4cr (R_ + 2<r R.) - lOR^ 
K iv boo 


(17) 


4 S 


and 


'EJ 


EK 


8(R^ 2 OR^) 

D ^ D 

JW'-C'T' 


The difficulty v/ith the Kivelson-Wilson formalism arises 

from the fact that tlie six angular momentim terms appearing 

2 6 

in the last terra of eqn, (4) are not independent. In order 

• ^ ■ 

to remove this difficulty/ Watson chose/, the rotational constants 

" \ 

as - 


A" = A' 
If' = 3 '' 
= C' 


^ ^ ^ t 

2 xjcyir 

-i T’ 

2 zzyy 

-h I* 

2 zzxx 


( 18 ) 
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m 

aaaa aaaa 
• 4“ T* 

1 Dacyy yyzz 


a = X, Y, 

+ t’ 

Z2:CX 


2 


and 

^2 “ S "’’x^cyy S '^zzy\’' S "^zzxjc 

where 

S = A' + B' + C' 


These eight parameters are Watson's parameters. The angular 

momentum operators corresponding to these parameters are 

somewhat ar/^itrary. This arises because the nirnbcr of 

22—25 

parameters in Watson's formulation is one less than the 

nuraber appearing in Kivelson-Wilson form of Hamiltonian, In 
order to remove this difficulty it is convenient to define 
one more parameter. Once this parameter is defined, the 
transformation from Watson set to Kivelson-Wilson set is well 
defined and hence the operators corresponding to the Watson 
parameters also become well defined, A convenient but not a 
unique choice for this pararaeter is - 


T § t’ 

3 “ B^-A' • 


ZZ3CX -c' ‘zzyy c' - 




(19) 


With the cjbove choice of parameters the Kamiltonian 
can be vrritten as - 


H = a" + b" + c" P^ + T I pj + T p; 4 -T„P^ +T 

z X y 4 ototaa « 1 1 2 2 3 3 


( 20 ) 



where 


p4 _ 1 {[ AJ_ ^ 1 1. 2 1 (22 ^ 2 2) ] 

1 ~ 3 A' -C' C'-B' 2 y 4 ^ z x ' x z ^ 


t#:T. - yferrir^ +t ^ +f 7^' 


C' 


2^2 


,2„2. 


C' 


B' -A 


A"-C 


V X 


C' -B' 


A" __ 

■'b'-A' •>*■2 -^x ' 4 


3{i pj +T ^ ^ 


p; = 


+v + pjpbl +[ ^- 


C'- 


X z 


A' 


^ _i -][i. p^ -fi (p^ p2 -t. p^ P^)]+[ — ■ -;- 


y X 


-C' 


B' -A' 


[ i P^ +i (P^ P^ + P^ P^) 1>, 

2 X 4 z y y z ' 


p:: = |— { [B'-A'] [ i p,^, +i (pfp,^ + p^pb^ + [c^-bO 


>4 

3 


V 


Z X 


f i 4 <4'’y - ^<4 ^ 


with 


( 21 ) 


S = A' + B" 4- C' 


For a planar molecule the value of may be conventionally 

fixed by using planarity conditions 


“^zzyy 

c2 

(%) 

T 

zzzz 

+ 

(%) 

T 

zzx:>c 


^xxyy ~ 

p2 

^XJOCX 

~r 

r2 

pr 

"'^ZZXJC 


"'yyyy 

c2 

A^ 

”*^zzyy 

-K 

p2 

(%) 

B 

xxyy 

(22) 


and then it can be shown that for planar molecules 
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T , S 3 


3 /A' -C" 


■zzzz 2 'B'-C 


V xr> / 


(__s 3 

V+B' ^ x> 




_s 

+B' ' 'x>GQC 2 "A'-C' B'-C 


i ^ \ / s S 

2" ^A' -B' ^ ^A^ -C' B^' -O' 


(23) 


Equation (20) represents Watson'sform of Hamiltonian modified 
by Kirchhoff.^° 


In Kirchhoff 's notation the Hamiltonian of eqn. (20) 
is written as 


H = A" p2 + B”p2 + C"p2 + .l.J 


aaaa « 

and the Hamiltonian of ecruantion (4) as - 


4 4 4 4 

p: + P^ + + T3P^ 


H = A' p2 + B-p" + C'p2 H-il p„2 


2 p2 


where a# b, c stand for z, x and y respectively. Discussion 
of the spectra will be given using Kirchhoff *s notations. 

special case of doublet splitting 


A much simpler method of calculating Q-branch transitions 

between K-doublet levels/ is to expand the matrices to first 

27 28 

order in distortion parameters. ' This method is referred 
29 

to as HSKW method. Now, if the equation 

5 ^ 

(J^) = 2KB- (J+l) ^ + (K-l) J(J+l) 

K iri G-^r 

- ~ K (K^+2) + f K(K-l) (2K-1) 


+ “ K (K^-l) 


(G-F) 


R 


H 


6 


(24) 



IS 


be the first order approximation to the redi-iced* distortion 
correction/ then to the first order, tiie transition frequency 
is given by - 

(Jj^) = Cl + 6 (25) 

R. 

where v (J|^) is the calculated rigid rotator frequency. 

This is/ in effect, the HSI<W forraula in terms of reduced 
distortion constants.* 

HIGHER ORDER TREATHEHT 


Equation (-jt) for the rotational energy includes terms 

up to the fourth order in angular momentum. Hovrever, for 

very light molecules the following additional temns in the- 

sixth order in angular momentum v/ill also be considered. 

30 

These are first given by Pierce as 

Hj Jbj+D’ + J(J+l)<pJ> 


where Hj, sextic distor-tion constants. 

Similarly equation (20) includes centrifugal distortion cor- 
rection only up to fourtii order of angular momentum as - 


*Actual distortion constants are equal to times the reduced 

dis-tortion constants. 
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H = A" + B" + C" P" 




a^x,y, s 


T * _L ^ T3^ 

aaoa 


&. 4 

+ T^P* + T^P^ 


(27) 


25 

and Watson's theory to sixth order in angular momentum 
gives the follovzing additional terms to the a]Dove equation 


,6 




ii^P^ + H^,,P"^P2 + 


. tt -i^S . /t,2 t-^2 


+ + h^’^ p^Cp^-p'^) 

K z J X y 




[p^(p^-p^) - 1 - (r^ - p^)p^ ] 
'Z 2 c y :i y z 


+ hj^ [P^ (P^ - P^) -5- (p,^,-p3jpf 1 


(23) 


where Hj, ^'-jk' ^JK '^h sextic distortion 

constants. 

SELECTIOH RULES AI-^D DI FPER EHT TYPES OF TRAMSITIOHS 

The selection r^ules for J are +1. A j=0 specifies 

the Q-branch while ,'AJ=-1 and Aj=-i-i specify the P and R 

branches respectively. The selection rules for pseudo -quantum 

numbers K ^ and arcj, however, derived from the symmetry 

6 31 

considerations. ' numerical evaluation shows that, in 
general, the most intense transitions are those for which K_ 

iA , 

and change by O ortl. However, nonzero matrix elements are 
obtained for }AK^j = 2,3,4... also, but their magnitude falls 
off rapidly with increasing 


*Watson used 2hj for this parameter; 


i 
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The spectrum of an asymmetric rotator is complicated 
by three different types of transitions- These are of a, b 
or c-type depending upon which component of the dipole moment 
malces the transition possible. 


SmiETRY GLASSIFICATI O N OF ASYMMETRI C RO TATOR TRA^'SITIONS 


It is to be noted that tlie asymmetric rotator Hamiltonian 
commutes vjith all the operations of the four group (D^ or V) of 
the Talole 1.1. The proof of this cOlu be given as follov/s - 

We Icnow that the Hamiltonian for a rigid rotator is - 


7^ T 2 2-1 

I-I = [A P*- + B P, + C P"*] 
r di a b • c 


( 1 ) 


Clearly commutes with the identity operation E. ’ As is 


9l ."^3 . . C 

that H commutes with C„, the commutation with Cl and C« vrould 

1C jL / z 


follow. Performing the operation C_ we obtain. 




c5 bd -b 

2 z . 


a. ■ 

Cj cc= -C 


( 2 ) 

(3) 


invariant with respect to a cyclic change a -♦■b -»• c, if we prove 






Tabl e 1.1 . Character table for (or V) group in asymmetric 
rotator notations 


° 2 ' V > 

E 

'^2 

^2 





A 

1 

1 

1 

1 


ee 


B 

c 

1 

1 

-1 

-1 


O0 

•^CF 


1 

-1 

1 

-1 


GO 

*bF 

^a 

1 

-1 

■ -1 

1 


eo 

♦aP 
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so that 


C2 = 

, 2 
b 

(4) 

^3. 2 

C3 c » 

2 

c 

(5) 

V 7 hich shows that 



Cj A = 

A 

(6) 

Similarly 



C| D (’ = 

B 

i 7 ) 

and 



a 

C = 

2 

C 

<s) 

Entirely similar reasoning leads to - 


= 

2 a 

p2 

a 




( 9 ) 

and 



pi r = 

2 C 

c 


S\j}Dstitution of (6)^ 

(7 } , (8) and ( 9 ) into equation 

( 1 ) gives 

Cj H.CJ' = 

H 

-TT 

(10) 

32 

vrhich implies that 

- 


H 

2 r 

HrC| = 0 

(11) 


Similarly we can show that - 


and , 


Cl K - K 
2 r r 2 


C% H - H 
2 r r 2 


= Q 


( 12 ) 


O 
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i.e., commutes with C^, and C^. The importance of this 
result is that it tells us that the stationary states of the 
asymmetric rotator can be classified by irreducible representa- 
tions or symmetry species of the vCd^) point group. A, 

9-nd The correlation of asymmetric rotator eigen-state 

with these representations requires rather tedious^^ 
investigation of the symmetry properties of the eigenfunctions. 

It is found, for example, that states for which jjK 
= jj even even_^ transform lilce the representation A or 
symbolically - 

|j even even’)> -►A (13) 

where the terms even and odd refer to the evenness or oddness 
of the prolate and oblate K values of the asymmetric rotator 
states. Similarly - 

jj even odd^ '*‘^a 

jj odd even^ (14) 

and I J odd odd ^ 

These are indicated in the aJoove table by the abbreviations 

ee, eo, oe and oo and it is to be noted that we have used, 

6 34 

King, Hainer and Cross and not the Dennison's notations. 

32 

The dipole matrix element is given by 

|<JK Kj ImI JK_,KpP = I KqK'^>f 


( 15 ) 
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9~type (g=a,b^c) transitions occur only if 


r X r<figp X r» -► fa 


(16) 


where r , 


'gP' species of IjK / '^aP^ 

totally symmetric representation A, 
respectively. Since ((>^p transform like simple vectors, the 


correlation is a „ ^ B , <ji, _ 

^aP 3' ^T^TT 


^bP 


o 


and 4 ) B as shown in 

r* ♦ r’ 


the above table. 


The a-type transitions are found by performing all the 
triple products Tx r(j> x T' . Por example, the character of 

a.r 

representation formed by x x for the operator R 

is obtained by the character table by performing the product. 


>(R) = X®®(R) x"(R) x'”(R> 


aP 


eo 


(17') 


v/hich gives 


X(E) = X (Cj) = Xicp 


which in turn shows 


= X (c^) = 1 


(is) 


^ X r „ X r FA 

ee aP eo 


(19) 


Investigating another triple product representation, 

F X F X F , we find the characters to be - 
ee aP 00 

X(E) r= 1, X(c5) = -1, x(c^) = -1, xidz) = 1 ( 20 ) 


so that 


r X F _ X r -► 

ee aP 00 a 


(21) 
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Similarly we find 


and 


r 

ee 

nr 

aF 

X 

r 

oe 


'■''JO 


"oo 

X 

"aP 

X 

0 

(U 




"oo 

X 

"aF 

X 

r 

oe 


TA 

(22) 

r 

eo 

X 

"aF 

X 

r 

oe 

-4- 

td 

c 



which completes all the possibilities for the <l> matrix 
elements. Thus, it can be seen that the a- type transitions 
can occur only when the labels obey the selection rules 

ee '*'*■ eo or oo oe. 


In a similar fashion the b and c--i:ype selection rules 
can iDe established and these have been listed in Table 1.2. 

It is to be noted tliat the selection rules are exclusive, that 
is, those permitted by a-type rules are not permitted by b- or 
c-type selection rules, etc. 

TaJele 1.2 . Simraetri,’' selection rules for asymiaetric rotator 
transitions 


Dipole component 

Permitted 

transitions 

a 

ee eo. 

OO oe 

b 

ee oo. 

eo oe 

c 

ee oe. 

oo eo 
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As a resTJlt of these selection rules the number of 
allowed transitions are considerably reduced for molecules 
having one or two nonzero dipole moment components. 





CliAPTER 2 

CENTRIFUGAL DISTORTION CONSTANTS OF NITRIC ACID 
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ABSTRACT 

The rotational spectra of and DKO^ molecules have 

been analysed up to J=12 in the frequency region 5000-45 000 MHz 
Both a and b-type transitions are analysed. Tlae analysis 
gives refined rotational constants and all < 2 uartic centri- 
fugal distortion constants. 
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INTRODUCTION 

Tlie first microwave study of nitric acid was made by 

Millen and Morton^^ who observed the ilNO^ transitions up to 

36 

J=3. Siibsequently, the same authors extended this study 
up to J=12 in the frequency region 8-35 GHz and also to some 
of the isotopic species of HNO^. Tliey also calculated the 

37 

structure parameters of nitric acid. Later, Cox and Riveros 
further extended the study of this molecule. Recently the 
far infrared spectrum of nitric acid vapor has been reported : 
by Fleaning.^^ He has found that the transition frequencies ; 
calculated using rigid rotator model differ from the observed 
frequencies. He attributes this difference to the centrifugal > 
distortion in the molecule. 

The molecudes liNO^ and DNO^ are near oblate symmetric : 

3 6 

rotate ITS with y = 1*99 D and = 0.83D and so the^^f involve | 

a ^ 

both a and b-type transitions. In order to improve our Juiowledg 
of these molecules and for the better analysis of the microwave 
spectrum in their ground vibrational states v/e have in the ; 

present vrorh calculated the centrifugal distortion constants 
guided by the behaviour of the frequencies calculated theoretic 

cally.' . 
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AiqALYSIS OF THE SPECTRIM 


Watson 


2 


Tlie observed spectrum was fitted to the model of 
using the techniques described by Kirehhoff. 
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To start with, the rigid rotator energies were calcu- 
lated using the rigid rotator constants A, 3 and G (which are 
calculated using the observed frequencies of low J transi- 
tions), The differences between the observed and calculated 
energies were used to find the rotational and centrifugal 
distortion constants 6A, SB, sC, t' T 2 

and of eqn. (l) below, by linear least square fitting* 
giving unit weighting to all the transitions. 


K = (A+ 6 A) p2 4. (B + SB) + (C + « C) P^ +' 4 - I 

a=a/b/C 


4 4 4 4 

+ ^1 + ^2 ^2 ^3 ^3 


or. 


H 


- (AP? + BP^ + CP^) = 6AP^ + 6DP^ + SCP^ + T 


c 4 a=:a,b, c 


aoaa 


4 4 '4 4 

+ T2P2 + 


( 1 ) 


2 2 2 

v/here AP^ -f BP^^ 4- CP^ is the rigid rotator energy. 


and 


a" = A + 5 A, b” = B + SB and C" = C 4 6C. 


Rotational and centrifugal distortion parameters thus 
determined were inserted in the Hamiltonian given in equation 


*Given in detail in Chapter 4. 
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of Chapter 1 and used to calculate the transition energies. 

The differences between the observed and calculated values 
were refitted and the iteration process was continued until 
tlie variation of rotational and centrifugal distortion cons- 
tants were insignificant. 

Because nitric acid is a planar molecule^ the planarity 
conditions are used to calculate the undeterminable parameter • 
at each step of iteration. Once has been set, the Kivelson- 

Wilson parameters A", B" , ccaa "^aabb 

calculated. The calculated parameters are given in Tables 
2.3 and 2.4, The quality of the fit can be seen from Tallies 
2,1 and 2,2. 


GENERAL DISCUSSION 

Different series of transitions have been seen in the 
frequency region chosen and up to J=12 for both the molecules. 
These series can be divided as - 

1. Q-branch, a- type 

2. R-b ranch, a- type 

3. Q-lDranch, b-type 
R-branch, b-type 


4 . 
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!• Q-Branch^ a-type Transitions 

Nine Q-branch, a-type series have been predicted in the 
frequency region studied. Out of these nine, five correspond 
to At = 1 and four correspond to At = 3. 

Series corresponding to Ax = 1 

The frequencies of lines belonging to all the five 
series of this class decrease with the increase in J and 
centrifugal distortion (C,D.) corrections are always negative' 
and increase with the increase in J. 

(i) l~'^J-l 2 - Except 2 I-INO^ 

and 6^ ,-6^ _ line of DNO, all the transitions of this series 
/ J- , 3 / o 

have been reported'^ ' earlier. For HNO^, the lines of 
interest in this series lie between 17517,547 MHz corresponding 
to J=2 and- 5984.009 MHz corresponding to J=8 and for ONO^ 
between 15833.097 MHz corresponding to J=2 and 5093.385 MHz 
corresponding to J=6. The frequencies and C.D. corrections 
for lines belonging to this series are shown in Table 2.5. 

(ii) J, ^ o-Jt o -3 series - All the transitions of this 

series except lines corresponding to J=3 and J=4 of HNO^ and 

3 6 

corresponding to J=9 of DHO^ have already been reported. 

As can be seen from Table 2.6, for HNO^ the lines of interest . 
lie between 31046. 613 MHz corresponding to J=3 and 9245.560 MHz 
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corresponding to J=12, while for DNO^ between 29138.535 MHz 
corresponding to J=3 and 7743.580 MHz corresponding to J=9. 

(iii) ‘^j _3 3 “‘^j _3 4 series - Only transitions from J=8 to 

3 6 

J=12 of DNO^ belonging to this series have been reported'^ so 
far, but none for HNO^. As can be seen from Table 2.7 for 
HHO^ the lines of interest lie between 43854.755 MHz corres- 
ponding to J=4 and 2947 8. 3 68. MHz corresponding to J=12, while 
for DNO^ between 41965.824 MHz corresponding to J=4 and 
10436.600 MHz corresponding to J=12. 


(iv) J^. . .-J, , c series - This series has only been reported; 

^ vJ-* " 4 ^ 3 

for DKO^ and no line of hlJO^ molecule lies in the frequency I 

region studied. The results for these lines are shown in 


Table 2.8. 


(v) Jt „-Jt. . series - The lines belonging to this series 

u / U tJ / 1 

have been predicted at low frequencies. Only tvro lines corres- 
ponding to J=1 and J=2 have been predicted for HNO^ and the 
single line corresponding to J=1 for DHO^. The results for 
these lines are shown in Table 2.9. ' 


Series Corresponding to At = 3 

Out of the foixr series v/hich belong to this class only 
one series has so far been reported and that too only for HNO^ 
molecule. These series are as follows. > 
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(i) 2 - Only the line 3^ 2 ^^^^longing 

~~. 35 

to this series of HMO^ has been reported so far. As can be 

seen frora Table 2, 10. the lines of interest in this series lie 
between 20349.458 MHz corresponding to J=2 and 41625.914 MHz 
corresponding to J=7 for HNO^/ while for DHO^ between 21139,455 
MHz Corresponding to J=2 . and 40403 . 673 MHz corresponding to 
JsS. The frequencies of these transitions increase with the 
J and C.D. corrections are such that their contributions are 
negative for all these DMO^ transitions. For HKO^ C.D. Correc- 
tions are negative up to J=4 and after that these become 
positive and increase with J. 

(ii) J|- T .-Jo -r o series - Ihe C.D. corrections for the 

5/J-4 3,J-3 

transitions of this series increase with the J. Only three 
lines of this series have been predicted for iooth the molecules. 
For the line corresponding to J=5 the centrifugal distortion 
correction is very anall but beyond J=5 it increases fast 
with the increase in J value. Tlie frequencies and C.D. cor- 
rections of transitions belonging to this series are shotm 
in TaJole 2,11. 

<iii) o o-J-r X >1 series - The C.D. corrections increase 

cl ^ f J ^ 

V 7 ith increase in J value for this series also but its effect 
is such that the nonrigid rotator frequencies are always less 
than the rigid iX)tator frequencies. The frequencies and C.D. 
corrections for these lines are shown in Table 2,12, 
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. (iv) ^-J-r ^ _ series - 

o ** * 1 / O -"•'O.y 


No line belonging to this 


series has been observed for- either of tlie molecixLes. As can 
be seen from Table 2.13 the lines of interest in this series 
lie between 31538,456 MHz corresponding to J=3 and 43064. 44Q 


MHz corresponding to J=s9 for while for DNO^ between 

30765.712 MHz corresponding to J=3 and 38451.077 MKz corres- 
ponding to J=6, The frequencies of these lines increase with 
J. The C.D. corrections of lines belonging to this series 
are such that their values are negative and increase with the 
J up to J=7 and after that decrease vrith J. Since no line, v/as 
found for DNO^ after J=6, we ej<pect lines corresponding to 
J=7,S and 9 beyond .45 GHz such that the centrifxigal distortion 
correction for the line corresponding to J=7 will be larger' 
than 10.132 MHz in magnitude and will decrease afterv^ard with 
the increase in J value. 


2 . R-branch, a-type Transitions 

All the .three predicted R-branch, a-type series corres- 
pond to AT =1, Out of these three series only one transition • 

36 

2- 0 - 1 . 1 of J. T.-J-1, T , series has so far been reported 

JL / A 1. £ x X/U l/wJ — X 

for DKO^. For series j-J-1^ and Jq j-J-1q a pair 

of lines corresponding to J=:2 and J=:3/ separated by about 12 GHz 
have been predicted to lie in the region of interest for both 
the molecules. The frequencies and C.D. corrections for these 
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lines are sbovm in Tables 2.14 and 2.15, For the third series 
Jj_l O line has been predicted whose frequency 

and centrifugal dis'bortion correction is shovm in Talole 2, .16, 

Other Transitions 

One transition 1 q ]_*‘'^0 O observed experi- 

35 36 

mentally"^ ' for botli the molecules have been predicted. For 
DNOj* the frequency and C.D. correction are 17347.705 MHz and 
-0.095 MKz and for are 18360.507 MKz and -0.066 MHz. 

3 • Q-branch, b-type Transitions 

All the eight predicted Q-branch, b-type series corres- 
pond to At =2'. Out of these eight/ only three series have so 
far been reported for HNO^. These three series are as follows.' 

(i) J, T .-Jt o -> series - Only two lines corresponding to 
u ** JL / 1 vJ ^ i ^ 

35 

J=2 and 3 of this series have so far leeen reported for Hl'lO^ 
molecxile. The frequencies of the lines belonging to this 
series increase with J from J=5 onwards for IFTO^ and from J=4 
onvrards for DiTO^. The C.D. corrections/ hov^ever, increase xxp 
to J=6 and then decrease up to J=S beyond which they continue 
to increase after a change in sign for J=9. All the lines of 
this series up to J=12 have been predicted for IINO^ but for 
DHO^ those up to J=9 only have been predicted. The results 
for these lines are shovm in Table 2.17. 

*This line was observed with hyperfine components. 
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(ii) Jj ^ series - Only one line; 3^ o"'^2 1 

belonging tx) this series has so far been reported.'^ As is 
clear from Table 2.18, for the lines of interest lie 

betvreen 6750.378 MHz corresponding to J=1 and 42017.282 MHz 
corresponding to J=10, v/hile for DHO^ between 6935.585 MHz 
corresponding -to 8=1 and 39882.383 MHz corresponding to J-J , 

The frequencies of lines belonging to this series increase 
V 7 ith the increase in J. The C.D. corrections increase up to 
J =2 and then decrease and ultimately change sign and then 
again increase with J. 

(iii) Jj 2 ~ Only one line; 3^ 2 ^^'^03 

belonging to this series vras observed experimentally. The 
lines of interest lie between 20250.954 MHz corresponding to 
J=2 and 44639.642 MHz corresponding to J=10 for Hl'TO^ and 
between 20806.571 MHz corresponding to J=2 and 42710,910 MHz 
corresponding to J=7 for DNO^. As can be seen from Talole 2.19, 
the frequency of a transition in this series increase i-ritli the 
J. The C.D, corrections first increase with the J and then 
decrease, ultimately change sign, and finally again, increase 
with the increase, in rotational quantim number. 

The next two series of this class which have not so far 
been reported are such that their C.D. corrections' increase 
witli the J. Tliese two series are - 
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(i) ‘^j ^3 3 '“'^j _4 4 series - For the lines of interest 

of this series lie between 43855,133 MHz corresponding to 
J=4 and 33403,574 MHz corresponding to J=12, while for 
between 41970.360 MHz corresponding to J=4 and 33989,150 MHz 
corresponding to J=12, The frequencies and centrifugal dis- 
tortion corrections corresponding to different J are given in 
Ta3:)le 2,20, 


(ii) J-r . .-Jt _ r- series - Lines of tliis series occur in 
the frequency region of interest only for DHO^. No lino was, 
hov;ever, observed experimentally because both the predicted 
lines occur at frequencies a]:)ove 35 GHz (the region alx)vc 
35 GHz has not yet been studied). The frequencies and C.D. 
corrections for these lines are shown in Table 2,21. 


The remaining three scries of this class have not yet 
been reported. Those series are - 


(i) J-r T o“Jt t -3 series - The Kt’O- series starts at 

u ^ ^ u ^ 

31053,313 MHz corresponding to J=3 and tlie frequencies decrease 
with tine J up to J=10 for which the frequency is 23327.704 MHz, 
but further aliead in the series the frequencies increase with 
the J. The DNO^ series starts at 29181,311 MHz corresponding 
to J=3 and the frequencies decrease with the J up to J=7 for 
vjhich the frequency, is 22721.662 MHz, but further ahead 
frequencies increase witli the J. The frequencies and C.D. 
corrections- for these lines are shown in Table 2,22, 
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(ii) ^J-lj2rfj-2 3 lines of interest of this 

series lie ?octv;een 31531.755 MHz 'corresponding to J=3 and 
43935.530 MHz corresponding to J=ll for HI'O-, and between 

O 

307 22.936 MHz corresponding to J=:3 and 42881.985 MHz corres- 
ponding to J=0 for DKO^. As can be seen from Table 2,23, 
the frequencies of transitions for both the molecules increase 
with the J but tlio C.D. corrections first increase and then 
decrease with tlio J. 

(iii) J- _ o /, series - All the predicted lines belona- 

-J O i 4 

ing to this series lie in the frequency region 40-45 GHz, 

V7hich has not yet ioeen studied cicperimen tally. The frequencies 
of those lines first decrease and then increase vrith the J. 

The frequencies and C.D. corrections for these linos are shown 
in Table 2.24. 


4. R-branch, b-type Transitions 

Both the predicted R-branch, b-type series correspond 

to At =2. . Out of those series j-J-1q and j-J-l^ 

only two transitions of HL'TO^ and DHO^* have so far been 
35 36 

reported which belong to series. As can 

be seen from Tables 2.25 and 2.26 the frequencies as well as 
C.D. corrections for these lines increase with the J. 


*Line n observed with hyperfine components. 

1 i 1 ^ f . 
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Other Transitions 

Only one b-type transition 2 ^ o been 

predicted at 44946.933 MHz with the centrifugal distortion 
correction as +0.133 MHz. 

It is clear from a^x>ve discussion that the spectra of 
tl'iO tv7o isotopes HNO^ and show nearly similar behaviour 

as far as the centrifugal distortion correction is concerned. 
Hovrever, for some of the series the centrifu.gal distortion 
corrections do not vary in the same manner for the two 
raolocules. The reason for this discrepancy couJLd be that some 
of the seventeen observed transitions for Di'O^ might be in 
significant error in their measuranent, which is reflected in 
the overall fit of the transitions. Elimination of sxich faulty 
transitions could perhaps give us a better fit bi.it due to 
small number of transitions available such a proccdxirc could 
not be adopted. Hence there is still room for refinonent in 
the constants of molecule. Because of the availability 

of relatively large number of observed transition frequencies, 
the analysis is more complete for the KlTO^ molceule and conse- 
quently the constants obtained for this molecule are more 


refined. 
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Table 2.1. 

The microwave speetnim of HNO^ 

Std. dev = 0.078 MHz 

Transi tlon 

Calculated freq. 
MHz 

Observed freq. 
MHz 

* Centrifugal corr. 

MHz 

^0, i-^o.o 

18360.507 

18360.53 

-0.066 

^1,1 "^0,0 

19271 .623 

19271 .60 

-0.060 

^1,1"^1 ,2 

17517.547 

17517.49 

- 0.302 

^1 , 1"^0,2 

17616.051 

17616.03 

-0.317 

^1 ,2"'*0,1 

31792.800 

31792.80 

-0.173 

^3,1 "^1,2 

22161 ,087 

22161 .00 

^0.503 

^2 , i-^a ,2 

16215.648 

16215.64 

-0.809 

^2 , 1'^l ,2 

16700.791 

16700.74 

-0.843 

^3, 1'^2 ,2 

21675.945 

21676 . 16 

-0.469 

^3,0'^2,1 

9448.053 

9447.97 

-0.018 

S,rS,2 

14534.252 

14534.25 

-1.553 

^3.2-53,3 

29175.275 

29175.32 

-3.554 

^ 4 , 1“\,2 

12540.993 

12540.98 

-2.565 

^ 4 , 2 -S /3 

27369.731 

27369.67 

-5.693 

S,1-S,2 

10344.191 

10344.23 

-3.818 

^5,2-75,3 

24993.477 

24993.51 

-8.5o4 

76 , 1 - 76,2 

8097.546 

8097.58 

-5.167 

® 6 , 2 ~V ,3 

22147.431 

22147.00 

-11.616 

^ 7 , 2 ' 97,3 

18969.572 

18969.56 

-15.867 

^°8,2-^°8,3 

15628.213 

15628.19 

-19.927 

''9,2--‘^9,3 

12317.350 

12317.35 

-23.546 

^"l0.2-^So 

T 9245.560 

I J 

9245.56 

-25.945 


The observed transition frequencies. are corresponding to the 
observations of Mlllen and Morton. 36 
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Table 2 . 2 . 

The microwave spectnam 

of mo^ 

Std 

. dev = 0.347 MHz 

Transition 

Calculated freq. Observed freq* 
MHz MHz 

Centrifugal com 
MHz 


15833.097 

15832.83 

-0.304 


29417.497 

29417.40 

-0.303 


31075.302 

31075.40 

-0,298 

3 i, 2 -^i ,3 

29138.535 

29138 . 4 l 

-0.908 

’' 2,1 ''2,2 

13579.^31 

13579.09 

-0.895 

4 -4 

2,2 ^2,3 

27215.912 

27215.84 

-2.274 

S,i”^3,2 

10808.330 

10807.99 

-1.575 

^3,2“^3,3 

24229.789 

24229.63 

-3.865 

^4, 1"^4,2 

7834.196 

7833.96 

-2.283 

^4,2“S,3 

20396.234 

20396.03 

-5.506 

^5,2-7,5,3 

16065.609 

16065.29 

-7 .020 

S,3"S,4 

32137.295 

32137. 90 

-13.630 

O-^A ■> 

o 1 2 6^3 

11680.132 

11680.10 

-8.262 

^6,3"^6,4 

26938.561 

26938.68 

- 1 6 . 464 

^07,3”107,4 

21229.817 

21229.43 

-18.712 

^\,3"''^8,4 

15554.033 

15553.69 

- 2 o.i 43 


lo486.6oo 

1 o 487 .o 8 

-20.433 


*Tiie observed transition frequencies are corresponding to the 
obsearvations of Millen aind Morton.^^ 
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Table 2 « 3 . Rotational and centrifugal distortion constants 

of HNOo 


Watson* s determinable 
paraiaeters 


Kivelson-Wnlson ' 3 derived 
parasaetex^a 


A" = 13011.03s MHz 

A' 

= 13011.029 

MKs 

3 " = 12099.928 MHz 

B' 

= 12099.922 

MHz 

C = 6260.645 MHz 

C 

= 6260.608 

MHz 


= - 102 . 55^11 KHz 


^2 = 


"3 = 


aaaa 


bbbb 


cccc 


- 26.46419 KHat 

2.56693 MHz^ 
= -48.38137 KHz 
= -68.7 18o5 KHar 

= 11.72386 KHz 


bbcc 


ccaa 


a abb 


= - 18.30795 KHz 
= - 11.05978 KHz 
= -73.18636 KKe 


Tbe Ground State Moments of Inertia 

2 ^ 

= 38.832096 amu I 
a 

s* 4 l ,766860 amu 
= 80.722672 amu 


A S5 0.113716 amu A* 


92 


The conversion factor = 505376 MHz amu A 

The value of is set using the planarity condition 
and is not, strictly speaking, a determinable parameter. 

These parameters are calculated from A", B” , C , t. , t- and t 


d 


1 

and thus obey the planarity conditions used to calculate 
Inertia defect A * 
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aaaa 


'bbbb 


cccc 


= -52.43154 KHz 
= -72.45680 KHz 

= 8.52115 KHz 


Table 2 

.4. Rotational 
of DNO^ 

and centrifugal 

distortion constants 

X'Jatson^ 

s determinable 

Kivelson-¥ilson* s derivad 


, paraifieters 


parameters^ 

A” 

= 

12970.60 MHz 

A* 

12970.594 MHz 

B" 


11312.80 MHz 

3 * 

11312.801 I'^niz 

C" 

= 

6035.00 MHz 

C» 

603^.925 MHz 

•^1 


-158.24591 KHz 

"^bbca 

= -10.76288 KHz 

•^2 


-33.67339 KHz 

t’ 

ccaa 

= 1 .65556 KHz 

^3 


2.79656 MHz^ 

^aabb 

= - 149.13858 KHz 


The Ground State Moments of Inertia 

2^ 

= 38.963193 amu i 

ct 

Ij^ = 44 .672936 amu 

O 

= 83 .740845 amu 1 

2^ 

A = 0.104715 amu 


2. 

The conversion factor = 505376 MHz amu 1 

The value of is set using the planaxity condition auid 
is not, strictly speaking, a determinable parameter. 

These parameters are calculated from A", B” , C" , jT^ and 
and thus obey the planarity conditions used to 
calculate T^. 

Inertia defect A = I - I - I, 

c . a , D 
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Table 2 . 5 . 

Transitions 

of the J . 

^J — 


Transition 

HNO 

3 

BNO^ 

0 alcn 1 a t ed 
freq. . 

MHz 

C.D. Cor- 
rec tion 

MHz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rection 

MHz 

^ 1 , 1 1 , 2 

17517 .547* 

-0.302 

15833 . 097 * 

- 0 . 3 o 4 

^ 2 , 1 '^ 2, 2 

16215 . 648 * 

-0.809 

13579.431* 

-0.895 

S,1”S,2 

14534 .252* 

- 1.553 

10808.330* 

- 1.575 

^4.1-54,2 

12540.993* 

-2.565 

7834 . 196* 

- 2.283 

^ 5 , 1 “S ,2 

10344. 191* 

- 3.818 

5093.385 

-2 .068 

76 . 1 - 76.2 

8097 . 546 * 

-5.167 



"7, 1-^,2 

5984.009 

-6.325 




*0 bs erved transi ti one . 
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Table 2 ,6 . Transitions of the Jj ^ 2~^J 2 3 


HNO^ 

DNO^ 


Transition Calculated 
f req . 

MHz 

C.D. Cor- 
rec tion 

MHz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rec tion 

l-lHz 

3 , 0-3. o 31046. 613 

» 1 1 J 

-0.969 

29138.535* 

-0.908 

^2, 2 “^2, 3 30378.433 

-2.026 

27215.912* 

- 2.274 

^ 3 , 2 "^ 3,3 29175 . 275 * 

-3.554 

24229.789* 

-3.865 

2-^,3 27369.731* 

-5.693 

20396 .234* 

-5.506 

7 j 2-75 3 24993. Ii 77 » 

- 8 . 5 o 4 

16065.609* 

-7.020 

86,2-®6.3 22147.431* 

-1 1 .616 

1 1680.132* 

-8.262 

^ 7 , 2-^,3 ’09«9-572« 

-15.867 

7743.580 

-8.975 

''° 8 , 2 '''° 8,3 15828.213* 

-19.927 



” 9 , 2 -” 9,3 12317 . 350 * 

- 23.546 



' 5 o, 2 -' 5 o .3 9245.560* 

-25.945 




Ohs erved transi ti ons 
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Table 2 ,6 . 

Transitions 

of the Jj 2 



HNO^ 

DNO^ 


Transition 

Calculated 
freq . 

MHz 

C * E) , C 01? *- 
rec tion 

MHz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rection 

mz 

,2 -^1 ,3 

31046 ,613 

-0.969 

29138.535* 

CO 

0 

* 

0 

1 

^ 2 , 2 ~^ 2,3 

30378 .433 

-2.026 

27215.912* 

ifc 

-2,274 

^ 3 , 2 -- 53,3 

29175.275* 

-3.554 

24229.789* 

-3.865 

^ 4 , 2 -^ 4, 3 

27369.731* 

-5.693 

20396.234* 

-5.506 

'^ 5 , 2 “’^ 5,3 

24993.47 7* 

-8.5o4 

16065.609* 

- 7 .020 

^6 ,2“®6 ,3 

22147 .431* 

-1 1 .616 

1 1680.132* 

-8 ,262 

^ 7 , 2 -^ 7, 3 

18969.572* 

-15.867 

7743.580 

- 8.975 

I 0 g^ 2 ~‘’° 8,3 

15628.213* 

-19.927 



'' 9 , 2 -''' 9,3 

12317.350* 

- 23.546 



''^1 0,2“ ^^ 10,3 

9245.560* 

-25.945 




Observed tramisitions . 
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Table 2 .7 . Trajisi tions of the Jj ^ 3 "'^J 3 4 sof-ies 


Transition 

HNO^ 


DNO 

3 

Calculated 

freq. 

MHz 

C.D. Cor- 
rec tion 
MHz 

Calculated 
freq. . 

MHz 

C.D. Cor- 
rection 

MHz 


43854.755 

-2 .268 

41965.824 

-2.272 


43660,351 

- 4.003 

4 i 1 10.450 

- 4.771 

^ 3 , 3 "^ 3 ,^ 

43259.17s 

- 6.207 

39352.270 

-7.532 

74.3-74,4 

42512.864 

-9.093 

36369.868 

-10.536 

^ 5 , 3 "S ,4 

41257.375 

- 13.014 

32137.295* 

-13.630 

^6. 3-^6 , 4 

39349.932 

- 18.356 

26938.561* 

- 16.464 

^07,3-107,4 

36725,955 

-25.294 

21229. 817* 

- 18.712 

118 . 3 - 118.4 

33426.375 

- 33.705 

15554.033* 

- 20. 143 

1 ^ 9 , 3 " 1 ^ 9,4 

29478 .368 

- 43.138 

1o486 .600* 

-20.433 


*Observed transitions . 
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Table 2.8. 


Transitions ot the 4~'^j 4 5 series 



HNO 3 


DHO^ 


Transition 

Calculated 

Treq. 

MHz 

C . D . C or - 
rec ti on 

MHz 

Calculated 

freq* 

MHz 

C.D. Cor- 
rection 

MHz 

^ ^7,4'“^ V ,5 



39777.028 

-32.64o 




333 ^ 6.992 

-36.483 . 


Table 2,9. 

Tran si tions 

of the 

-J, . series 



HNO 

'3 




Transition 

Calculated 

freq. 

MHz 

C.D. Cor- 
rec tion 
MHz- 

Calculated 

Freq. 

MHz 

C.D. Cor- 
rection 

MiriZ 

'‘ 1 , 0 ** ''l,! 

2 -2 

2,0 2,1 

5839.263 

5026.548 

-0.020 

-0.144 

5277 .780 

-0.020 


1 



Table 2.10. 

Trans i ti ons 

of the J , 
J » 


Transition 

HNO 

3 

DNO 

3 

Calculated 

freq. 

MHz 

C.D. Cor- 
rection 

MHz 

Calculated 
freq . . 

MHz 

C.D. cor- 
rection 
MHz 

2 _2 

2,1 '^0,2 

203^9.^58 

-0.241 

21139.455 

1 

0 

• 

^3, 

22161 . 087 * 

-0.503 

25068 . 187 

- 0.953 

, 1 “^2 , 2 

25007 . 4o7 

- 0.518 

31418. 600 

- 1.252 

^5,1 '^3, 2 

29128.227 

0.144 

4o4o3.673 

-0.538 

^ 6 , 1 'S ,2 

34663.525 

2.031 



’^7,1'’^5,2 

41625.914 

5.708 




* 

Observed transition. 
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Table 2,11. 

Transitions 

of the J ^ 



HNO^ 


DNO^ 


Trains it ion 

Calculated 

freq. 

MHz 

C.D. cor- 
rec tion 
MHz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rection 
MHz 

^ 5 ,T^ 3,2 

29128.227 

0.144 

4o4o3.673 

-0.538 

S, 2-^3, 3 

33630.123 

-4.187 

38451 .077 

- 10.132 

K k 

^3870. 728 

1 

CO 

* 

43710.363 

-16.884 


,3 - 3,4 


Table 2 . 12 . 

Transitions 

of the Jj 2 


Transit! on 

HNO^ 

DNO^ 


Ceilculated 

freq. 

MHz 

C .D, Cor- 
rec tion 

MHz 

Calculated 

freq, 

MHz 

C.D. Cor. 
recti on 

MHz 

k h 

2 ,3 0,4 

43901.738 

-2.290 

42262,685 

- 2 . 64 i 

^ 3 , 3 ~^i ,4 

43847 .743 

- 4.050 

42263.662 

- 6 .o 48 ' 

^ 4 , 3 "^ 2,4 

43815.246 

- 6.205 

42603.867 

-10.700 

'^ 5 , 3 "’^ 3,4 

43870.728 

- 8.711 

43710.363 

- 16.884 

" 6 , 3-^4 , 4 

44125 .072 

-11 .260 



57 , 3“%.4 

44741.815 

-13.831 
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Table 2.13. 

Transitions 

of the Jj ^ 

.2-^J-3.3 


HNO^ 

DNO 

3 

Transition 

Calculated 

freq. 

MHz 

C .D . Cor- 
rec tion 

MRz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rec tion 
T-lHz 

^2,2~^0,3 

31538.456 

-1 .008 

30765 .712 

-1.413 

S,2"^i ,3 

31832.729 

-2.000 

3I831 .881 

-3.610 

^k,2‘’^2 ,3 

32461.677 

-3.142 

34156.549 

-6.603 

S, 2*^3, 3 

33630.123 

1 

• 

00 

38451 .077 

-10.132 

^6,2-h,3 

35598.195 

-4.635 



^7 , 2 , 3 

38655.764 

-3.691 



^8,2“^6,3 

43o64(.44o 

-0.035 





Tabl e 2 . 1 4 . Transitions of the J 


series 
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1 ,J 


_J -1 


1 ,J -1 



HNO 

3 

DNO 

3 , 

Transi ti on 

Calculated 

freq. 

MHz 

C .D. cor- 
rec ti on 

MHz 

Calcula ted 
freq. 

MHz 

C .D. Gor-r 
redtion 

MHz 


3088 1 . 9 oA 

O-OAl 

29417 .497* 

- 0 . 303 


A38OO.313 

0. 17A 

42125 ,962 

0.053 

^Observed 

transition. 





Table 2 . 15 . 

Transitions of the J 

0 } 

-J -1 ^ . series 

0 ,J -1 


KN03 

DHO 

3 

Transition 

Calculated C.D, cor- 
freq. rection 

MHz MHz 

Cal culated 
freq. 

MHz 

C.D- c or- 
rec tion 

MHz 

0 

1 

mJk 

0 

31694.296 -0,158 

307 A 2 .419 

- 0.186 

5 -2 

0,3 0,2 

43S91.738 -0.216 

42415.715 

-0 . 354 


tJ.T. KANPUR 
CENTRAL LIBRARY 

.& 4740^11 

■>JS04' ^ 


Arc. Ncj, 
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Table 2 . 16 . 

Transitions 

0^ i/ii © 1 


series 


HNO^ 



Transition 

Calculated 

freq. 

MHz 

C.D. cor- 
rect! on 

MHz 

C a leu la ted 
freq. . 

MHz 

C.D. C or - 
recti on 

MHz 

^ 1 , 1-^,0 

42559.968 

-O. 46 o 

3 9972.814 

- 0.586 


Table 2 . 17 . 

Transit ions 

of the Jj ^ 



HNO 

3 

DNO^ 


Transition 

Calculated 

freq. 

MHz 

C .D. cor- 
rection 

MHz 

Calculated 

freq. 

MHz 

C.D. cor- 
rection 
mz 

^1 , 1 -^ 0, 2 

17616.051* 

-0.317 

16165.980 

_ 0 . 4 i 6 

^2 , 1“^1 ,2 

16700.791* 

- 0.843 

15163.833 

- 1 . 3^1 

4 -4 

3,1 2,2 

15941 .943 

-1 .506 

15131 .97^ 

- 2.557 

^ 4 , 1 “^ 3 , 2 

15643.387 

-2,110 

1 6647 . 9^2 

-3.869 

S,iA,2 

16065.312 

-2.329 

20092.142 

- 4.878 

’^6,1-'^5,2 , 

17^05 .258 

-1 .712 

25579.981 

-4.876 

“7,1-®6,2 

19803.955 

- 0 .022 

32778.635 

- 3.150 

^ 8,1 "■^ 7, 2 

23326.549 

4,273 

^0953.686 

0.642 

'S.1-'"'8,2 

2791 1 .866 

10.373 


■\ 

''So.i“’^9,2 

33353.217 

18.264 



^Si,r’^io,2 

39339.185 

27.133 




^Observed transitions 
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Table 2.18. 

Transitions 

of the _ 

J ,0 

-J^ . . series 



mio 

'3 

DNO., 

J 


Transition 

Caloulated 
freq . 

WAz, 

C . D . c or - 
rec tion 

MHz 

Calcnlatsd 

freq. 

MHz 

C.D. cor- 
reo tion 

MHz 


6750.378 

-0.015 

6935.585 

-0.015 

^2,o"^1,1 

7759.955 

-0 . 068 

8926 .274 

-0.121 

^3,0"^2,1 

9448 .053* 

-0.018 

12431 .283 

-O.C39 

V,o'^3,i 

1 1975 .078 

0.358 

17685.192 

0.712 

1 

15446,947 

1.385 

24449.718 

2.723 

,o'’^5 , 1 

19835.863 

3.367 

32077.034 

6.450 


24961 .729 

6.44o 

39882,383 

12.171 


30545.682 

10.288 



^9»0'98,1 

363002.078 

15.398 




42017.282 

21.017 




*0bs3rvsd transition. 
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Table 2,19 . Transitions of the Jj -|-Jj -j 2 


Transi tion 

HNO^ 

DNOg 

Calculated 

freq. 

MHz 

C.D. cor- 
rec tion 
MHz 

Calculated 

freq, 

MHz 

C.D. Cor- 
rection 

MHz 

1 

20250.95^ 

-0.225 

20806.571 

-0.229 

%,T^2,2 

21675.9^5* 

-0.469 

23483.785 

-0.506 


23599.716 

-0 .566 

27094.956 

-0.270 

55,1-54,2 

26025.833 

-0.311 

31589.926 

0 

0 

• 

^ 6 , 1 -® 5,2 

28942 . 4 o 4 

0.542 

36850,693 

4.090 

^ 7 , 1-^6. 2 

323I8.201 

2 .252 

42710.910 

9.455 

r- 

00 

(X) 

CO 

36103.234 

5.056 



^9,1 “^8, 2 

40233.690 

9.145 



'° 10 ,l -%.2 

, 44639.642 

14.654 




*Obs erved transi tion . 
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Table 2 . 20 . 

Transitions 

of ih© J 

'J - J f 

3-^j-4.4 


HNO^ 


DNO^ 


Transition 

Calculated 

freq, 

MKz 

G.D. Cor- 
rec tion 

MHz 

Calculated 

freq. 

MHz 

C . D . Cor- 
rection 

MKz 

4 -4 , 

1,3 0,4 

43855.133 

- 2 .268 

41970.360 

- 2 .288 

^2,3"^i,4 

43663.735 

-4 . 007 

4 l 150.649 

- 4.897 

S.3'®2,4 

43275.976 

-6.223 

39457.781 

-8.083 

^ 4 . 3-^3, 4 

42573.722 

-9.123 

37054.31 1 

- 12.220 

S,3-®4,4 

41436.764 

- 12.882 

34043.656 

-17.613 

^ 6 , 3 “^ 5,4 

39803.553 

- 18.109 

31360.944 

- 24.128 

107^3-10^^4 

37743.846 

-24.172 

29993.635 

-31 .234 

^^ 8 , 3 "'' V . 4 

35490.308 

-30.296 

30723.824 

- 38.312 

^^ 9 , 3 "''^ 8.4 

33403.574 

-34.900 

33989.150 

- 44 .602 
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Table 2 . 21 . Transitions of ttie J^. 4 ~'^j 5 5 series 



HNO3 

DNO^ 


Transition 

Calculated C.D. Cor- 
freq. recti on 

MHz MHz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rection 

MHz 

” 7 , 4 -” 6.5 


42450.257 

- 42 .026 

,5 


39036.579 

- 53.109 
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Table 2.22. Trsnsitions of the ^ ^ series 

■’ ■■ — J ^ 


HNO^ DITO^ 


Transition 

Calcula ted. 
freq. 

I'iHz 

C.D. cor- 
rection 

MKz 

Calcu la ted 
freq. 

MHz 

C .D . Cor. 
rec tion 
MHz 

^1, 2-^0 , 3 

31053.313 

-0.974 

29I8I .31 1 

-0.967 

^2, 2-^1, 3 

30425.038 

- 2.047 

27508.237 

-2.627 

^ 3 , 2 ~^ 2,3 

29359.283 

- 3.597 

25342.802 

-5.016 

^^, 2 '^ 3,3 

27909.002 

-5.676 

23452.320 

-8.122 

■^ 5 , 2 ”"^ 4, 3 

26290.483 

-8.091 

22721 .662 

- 11.683 

^ 6 , 2 ’^ 5, 3 

24835.739 

-9.99^ 

23840.909 

-15.314 

57 , 2 - 96,3 

23907.820 

- 11.589 

27212.520 

-18.431 

0 

CO 

InO 

1 

o 

U3 

23827 .704 

-10.998 

32901 .718 

-20. 1 17 

'S. 2 -'' 8,3 

’^ 10 , 2 “ ^^ 9 ,3 

24832 . 134 

27071 .9^1 

- 7.614 

-0.566 

40507.843 

-19.561 
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Table 2 . 23 . 

Tran si tions 

ot the ^ 

, 2 -^J. 2,3 

Transi tion 


HN03 

i 

0 

Calculated 

Treq. 

^ffiz 

C .D . cor- 
rec tion 
MHz 

Calculated 

freq. 

MHz 

C.D. cor- 
rection 

MHz 

^2,2"^1,3 

31531 .755 

- 1 ,003 

30722.936 

- 1 .355 

^ 3 » 2 “^ 2,3 

31786.124 

- 1.978 

31539.556 

-3.257 

"4,2-53,3 

32277 .669 

- 3.099 

33043.536 

-5.452 

S, 2 -^ 4, 3 

33090.852 

_ 4 . 2 o 4 

35394.991 

-7.515 

^ 6 , 2-75.3 

34301.189 

- 5 . o 48 

38676.979 

- 8.814 

® 7 , 2 -® 6,3 

35967.431 

-5.313 

42881.985 

-8.590 

^ 8 , 2-^7, 3 

38125.904 

-4.636 



^° 9 , 2 -'‘° 8,3 

40787.182 

-2.654 



''io. 2-'^,3 

43935.530 

0,949 
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Table 2.24. 

Trans i tions 

of the J 

vl 


Transition 

HNO^ 


DNO^ 


Calcula ted 
freq. 

MHz 

C.D, Cor 
rec ti on 
MHz 

Calculated 

freq. 

MHz 

C .D. Cor- 
rection 
MHz 

Ll II 

2, 3-^1, 4 

43901 .360 

-2.289 

42258.148 

-2.625 

^3,3‘^2,4 

43844.359 

-4 . o45 

■ 42223.463 

-5.922 

^4,3“^3,4 

43798.449 

-6.189 

42408.356 

-10.149 

"5.3-"4.4 

43809.870 

-8.680 

43025.920 

-15.199 

®6,3"®5,4 

^39^5.708 

-1 1 .392 

44298 .068 

-20.682 

^7,3“^6,4 

44288.172 

-14.078 



0 

GO 

U> 

1 

mmX 

0 

4 :r 

44925 .446 

-16.366 
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Table 2.25 

. Transitions 

of the J. 

• > 0 

-J -1 , . series 

0 ,J -1 


m-Jo 

3 

- 


Trajisition 

Calculated 

freq. 

MHz 

C.D. cor- 
rec ti on 

MHz 

Calcu la ted 
freq. 

MHz 

C.D. Cor- 
rec tion 

MHz 

f 

o 

o 

o 

1927 1 .623* 

-0.060 

19005.510* 

-0.090 

2 _1 

1,2 *0,1 

31792.80c* 

- 0.173 

31075.302* 

-0.298 

3 -2 
■^ 1,3 0,2 

43898 .208 

-0.451 

42458 .417 

- 0.487 

^Observed 

transi ti ons . 





Table 2.26. 

Transit! ons 

-^O.J 

-J-1. T series 

1 I d — 1 


H1.03 


DNO^ 

Transition 

Calcu lated 
freq. 

MHz 

C* D* Cor- 
rec tion 

MHz 

Calcu lated 
freq. 

MHz 

C.D. Cor- 
rec tion 

MHz 

^ 0 , 2"^ 1 , 1 

30783 . 180 

- 0.163 

29084 . 61 4 

- 0.191 

^0,3"'^1 ,2 

43793.233 

-0.201 

42082.832 

-0.242 
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Table 2.25 

. Transitions 

of the J. ■ 
* 1 J 

-‘’-■'o.J-i 


i-mo 

3 

Dm^ 


Transition 

Calculated 

freq. 

MHz 

C.D. cor- 
rec ti on 

MKsi 

Calcu la ted 
freq. 

MHz 

C.D. Cor- 
rsc tion 

Mrl2 

1 

o 

o 

o 

1927 1.623* 

-0.060 

19005.510* 

-0.090 

^1 , 2 "''o, 1 

31792.80 c* 

-0.173 

31075.302* 

-0.298 

2 

-^ 1,3 0,2 

43898 ,208 

-0.451 

42458 .417 

- 0.487 

^Observed 

trainsi tions . 





Table 2.26. 

Transi ti ons 

'^0,J 

-J-1 series 

1 j 0 — « 


0 

i 


DNO^ 

Transition 

Calculated 

freq. 

HHz 

C.D. Cor- 
rec tion 

MHz 

Calculated 

freq. 

MHz 

C.D. Cor- 
rec tion 

MKz 

2 _ 1 

0,2" S ,1 

30783. 180 

- 0.163 

29084.614 

- 0.191 

-2 

"0,3 1 ,2 

43793.233 

-0.201 

42082.832 

-0.242 




CI-IAPTER 3 


CENTRIFUGAL DISTORTION CONSTAI^TS OF TETRAFLUOROIiYDRAZINE 
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ABST RA CT 

The rotational spectrim of Totrafluorohydrazine 
has been analysed up to J=21 in the frequency region 19-33 GHz. 
Only c-type transitions were analysed. The analysis gives 
refined rotational constants and all guartic centrifugal 
distortion constants. 
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INTRODUCTION 

So far there has been only one study of the microvrave 
spectr-um or N 2 F^, by Lido and Manri- In this they reported 
the microwave spectrum of the molecule up to J=21 and rota- 
tional constants v/ere found using the rigid rotator model. 

They have foxmd that for the linos of higher J values the 
difference between the frequencies calculated using the rigid 
rotator model and observed frequencies were quite large. For 
example, for the line corresponding to J=21 of j_ 4”'^5 j _5 
series the difference between the calculated and observed 
value is 100.9 MHz. The authors suggested this difference to 
be due to centrifugal distortion and they also suggested that 
the rotational Constants could bo refined. 

^2^4 ^ good opportunity for the verification 

of various theories of centrifugal distortion discussed in 
Chapter 1 because of the largo centrifugal distortion contri- 
bution observed for this molecule. 

ANALYSIS OF TI-IE SPECTRUM 

N 2 F^ is a near prolate symmetric rotator whose inertial 

axes are oriented such that only c-type transitions occur 

39 

being the only nonzero (=0. 26D) component of dipole moment.' 
Twenty five transitions in the ground state were measured by 
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Lide and Mann in the frequency region 19-33 GHz. Those twenty 
five transitions are used for an analysis similar to that dis- 
cussed in Chapter 2» The results of the analysis arc shovm 
in Table 3.1. The rotational and centrifugal distortion 
parameters arc given in Table 3.2. 

GENERAL DISCUSSION 

The calculations have been made only for Q-branch 
transitions with ^3 and R-branch transitions with At =1 
as only these transitions have been reported so far. 

Q-branch Transitions 

Out of the nine predicted Q-branch transitions three 
correspond to At =1 and six correspond to At =3. 

Series Corresponding to At =1 

None of these throe series have so far been reported. 

The frequencies of the linos belonging to these series decrease 
with the increase in the rotational quantuim number^ but their 
centrifugal distortions show different behaviours. 

(i) J, -r .-Jr: T y, series - The lines of interest in this 
4/J-4 5^J-4 

series lie between 23088.372 MHz corresponding to J=5 and 
20063.478 MHz corresponding to J=13. The centrifugal distortion 
corrections for the lines belonging to this series arc such 
that they decrease with J up to J=7, but increase afterwards. 
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The frequencies and C,D. corrections for lines belonging to, 
this series are shovm in Table 3,3. 


(ii) Jr- -r T c series - The lines of interest in this 

^ ^ , Q J 

scries lie between 28227.687 MKz corresponding to J=6 and 
20337.005 MHz corresponding bo J=19. The centrifugal distortion 
corrections for the lines belonging to this scries are such 
that they decrease with J, but increase from J=.T1 onwards. 

The frequencies and C.D. corrections for linos belonging to 
this scries are shovm in Table 3.4. 


(iii) Jg scries - Only nine linos of this series 

betv/een 32946.062 MKz corresponding to J=13 and 27344.957 MHz 
corresponding to 0=21 lie in the region of interest. The ■ 
centrifugal distortion correction for the lines belonging to 
this series is such that it is negative for J=13 but becomes 
positive at J=14 and then increases with the J. The frequen- 
cies and C.D. corrections for these lines are shown in Table 3.5. 

Series Corresponding to =3 

Out of the six scries corresponding to At =3,, only few 
transitions belonging to two of these series, i.e. j_ 2 - 

J,. ,, and Jc -r T have been reported earlier. 

5,J-5 5,J-4 6,J-6 

Out of the four now series predicted here, for the ; 
first three series, the frequencies as well as C.D. corrections 
increase with the increase in the J, while the fourth one 
behaves in a different manner as described later. These four 
scries arc as follov/s. 
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The frequencies and C.D. corrections for lines belonging to. 
this series are shovm in Table 3.3. 


(ii) Jg series - The linos of interest in this 

scries lie between 28227.687 MHe corresponding to J=6 and 
20337.005 MHz corresponding to J=19. The centrifugal distortion 
corrections for the lines belonging to this scries are such 
that they decrease with J, but increase from J=.ll onwards. 

The frequencies and C.D. corrections for linos belonging to 
this scries are shown in Table 3.4. 


(iii) Jg scries - Only nine linos of this scries 

bctv7ccn 32946.062 MKz corresponding to J=13 and 27 344.957 MHz 
corresponding to J=21 lie in the region of interest. The ■ 
centrifugal distortion correction for the lines belonging to 
this series is such that it is negative for J=13 but becomes 
positive at J=14 and then increases with the J. The frequen- 
cies and C.D. corrections for these lines are shown in Table 3.5. 


Series Corresponding to =3 

Out of the six scries corresponding to Lx =3, only few 
transitions belonging -to two of these series, i.c. j_ 2 - 

^ c, and Je -r T have been reported earlier. 

5,J-5 5,J-4 6,J-6 ^ 

' Out of the four now series predicted here, for the ■ 
first throe series, the frequencies as well as C.D. corrections 
increase with the increase in the J, while the fourth one 
behaves in a different manner as described later. Those four 
series arc as follov/s. 
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series - Only three lines belonging to this 
series between 20556.578 MHz corresponding to J=8 and 
28746.369 MHz corresponding to J=10 lie in the region of 
interest. The frequencies and C.D. corrections for those 
linos are shown in Table 3.6. 


(ii) j j _3 series - Only four lines belonging to 

this series between 20158.742 MHz corresponding to J=10 and 
31115.581 MHz corresponding to J=13 lie in the region of 
interest. The frequencies and C.D. corrections for these 
lines are shown in Talole 3,7. 


(iii) j 2"‘^4 j 4 series - Only seven lines belonging to 
tliis series between 19690.846 MHz corresponding to J=ll and 
327 91.470 MHz corresponding to J=:16 lie in the region of 
interest. The frequencies and C.D. corrections 

for these lines are shovm in Table 3.8. 

(iv) T T n series - All the predicted lines from 

J=13 to J=21 of this series lie in the frequency region 32-33 
GHz. The C.D. corrections of tliese lines always increase with 
the increase in the J. In the beginning the centrifugal 
distortion corrections increase slowly but afterwards they 
increase rapidly with the increase in the J. The frequencies 
and C.D. corrections for lines belonging to this series are 
shox»m in Table 3.9. 

. The tvTO series r^orted so far are given below. 
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(i) j-5 series - Only seven lines from J=9 to 
J=15 of tliis series have been reported earlier. All the 
lines from J=5 to J=18 o:S this series have been predicted 
in the frequency region studied. The frequencies of the 
lines decrease vrith the increase in the rotational quantum 
number Tjp to J=ll and then increase v/ith the increase in the 
rotational quantum number. The C.D. corrections for lines 
belonging to this series are positive for J=5 and J=6 and 
decrease with the increase in tlie rotational quantuim ntmber 
and ultimately change sign at J=7 and tlien increase with the 
increase in the rotational quantum number. Tlie frequencies 
and C.D. corrections for these lines are shown in Table 3,10, 

(ii) Jg j_ 4“'^5 j ^5 series - Eight lines from J=14 to J=21 

39 

of this series have been reported earlier. The series 
starts at J=6 and all the lines up to J=21 lie in the frequency 
region studied. The frequencies of the lines decrease up to 
J=15 with the increase in the rotational quantum nurrilDer and 
then increase with the increase in the rotational quantum 
number. The C.D. corrections for these lines are positive 
for J=6,7 and S' and decrease V7ith the increase in the J value 
and finally change sign at J=9 and then increase with the 
increase in the rotational quantum nufnloer. Ihe frequencies 
and C.D. corrections for these lines are shown in Talole 3.11. 
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R>-branch Transitions 

Five different R-b ranch series corresponding to 6t=1 

have been predicted. All the -transitions belonging to these 

39 

series have already been reported. The frequencies as well 

as C.D. corrections for the transitions belonging to these 

series increase v/ith the increase in the rotational quantum 
number, 3sut the effect of centrifugal distortion is always 
such that the nonrigid rotator energies are less than the rigid 
rotator energies, i.e. C.D. corrections are negative. The 
freqxiencies and C.D. corrections for these series are shown 
in. Tables 3,12, 3.13, 3.14, 3.15 and 3,16 respectively. 

It is seen that the centrifugal distortion correction 
up to J=7 is 4 MHz for all the series. So the lines up to 
J=:7 can be expressed b^r rigid rotator energies witliin this 
uncertainty of 0,4 MHz, x-ritli the refined rotational constants. 
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Table 3.1 . Microwave Spectrum of N 2 Fj^ 

^ Std. dev = 0. t77 MHz 


Transition 

Calculated 

freq, 

MHs 

6bs erved 

freq*- 

MHz 

C. D. Correction 

MHz 

1 -2 

1 ,0 2,0 

19582 -.824 

19582 .6 

-0.032 

^1,1 ~^Z , 1 

19917 » 96 »=’ 

19917.9 

-0.026 

^0,2''^1,2 

21725.032 

21725.0 

-0.143 

^ 1 , 1 , 1 

25370.167 

25370.14 

-0.121 

,2”*^2,2 

26296,681 

26297.0 

-0.117 

^ 0 , 3 “^ 1,3 

28549.845 

28549.9 

-0.351 

^ 2 , 0 "^ 3,0 

30686.339 

30868 .47 

-0.081 

^2,1-33,1 

30906.577 

30906.52 

•‘0#088 

3 

-^1 ,2 2,2 

31187 . 477 

31187.4 

- 0.302 

^ 1 , 3 ‘'^ 2,3 

32855.793 

32856.0 

-0.298 I 

^ 4 , 6-^5 

22866.911 

22866.9 

- 0.353 1 

’04,7^105 , 5 

22805.773 

22805.9 

-0.710 


22788.290 

22788.3 

- 1,418 1 

12^ q-12„ _ 

^ f “ ^ r 7 

22865.476 

22865.6 

■ - 2.811 

^^ 4 ,lo“’^ 5,8 

23110.412 

23110.0 

-5.425 1 


23620.014 

23620.1 

- 10.047 1 

^S,10"'‘^6,8 

27526.494 

27526.5 

-1.524 

''^ 4 , 12 "‘’^ 5,10 

24512.452 . 

24512 .5 

-17.703 . i 


27461.573 

27461.3 

- 3.060 

*The observed transition 
the observations of Lide 

frequencies 
and Mann .3 9 

are corresponding to 



Table 3.1 (...Contd.’) 



27501 .610 

27501.8 

-6.078 

^^5, 13-^76, 11 

27722 .999 

27723.1 

-11.59^ 


28225.863 

28226 .0 

-21 .015 

193^-13-19^^13 

29131 .571 

29131 .5 

-36.075 

203^15-20^^1^ 

30572.118 

30572 . 0 

-58.532 

^'^5,17“^^6,15 

32668 .927 

32669.0 

-89.607 
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Table 3.2 . Rotational and centrifugal distortion constants 
of 

Watson* s detertainable paraimeters Kivelson-¥ilson* s derived 

parameters ^ 


A" 

= 

5576,1943 

MHz 

A» 

5576.1939 MHZ 

B” 


3189.4051 

MHz 

B’ 

3189,4102 MHz 

C 

=S 

2813.1758 

MHz 

C * 

2813.1671 MHz 


= 

- 8,00244 KHz 

^bbcc 

= - 0.84956 KHz 

^2 


-1 .81253 KHz 

ccaa 

= 10.29359 2 Bz 

"3 

= 

153.91927 

KHz° 

T* 

^ aabb 

= - 17.44468 KHz 

T* 

aaaa 

= -2.08513 

KHz 



"^bbbb 

= - 7.18058 

KHz 



.^cc 

c c 

= 0.07941 

KHz 




The Ground State Moments of Inertia 

2 ^ 

= 90.630986 atnu % 

= 158.454630 amu 3 ? 

I = 179*646074 amu ^ 

A = -69.439542 amu %. 


2 

The conversion factor s 505376. MHz amu X 

The value of tj is set using -fee planarity condition and 
is not, strictly speaking, a determinable parameter. 

These paurameters are calculated from A**, 3", C" , and 

and thus, obey the planarity conditions used to calculate ^ 

Inertia defect A * I - I_ - 

c ■ a. D ■ 



Table 3 . 3 . Transitions of the ^ 4“'^5 J 4 


Transition 

Calculated frequency 
MHz 

C.D. Correction 
MHz 


23088.372 

0.170 

^4,2-*S,2 

23047.944 

0.092 

^ 4 . 3 -^ 5,3 

22978.215 

0 .o 42 

^ 4 , 4“^5 , 4 

22860.933 

0.076 

^ 4 , 5 "^ 5,5 

22667.249 

0.309 

^^ 4 , 6 -‘‘® 5,6 

22352.775 

0.943 


21857.959 

2 .287 

''^ 4 , 8 "^^ 5,8 

21114.411 

4.705 


20063.478 

8.486 
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Table 3.^. Transitions of the , ».-J^ ^ ^ series 
5 ,j _5 6 ,j -5 


Transition 

Calculated frequency 
MHz 

C.D. Correction 
MHz 


28227 .687 

0.323 

’^5,2-'^6,2 

28196.291 

0.197 

5,3 0,3 

28148.678 

0.076 

^ 5 , 4 "^ 6,4 

28078.787 

-0.017 


27977 .770 

- 0.035 

^^5,6-''’6,6 

27832.127 

0 .109 

^S, 7 "''^ 6,7 

27620.786 

0.576 


2731 1 .410 

1 .650 


26856.955 

3.779 

^^ 5 , lo"^^6 , 10 

26195.248 

7.577 


25255.945 

13.698 

^’^5,12"^’^6,12 

23977.911 

22.561 

‘'S, 13 "’® 6,13 

22332.136 

34.055 


20337.005 

47.477 



74 


Table 3 » 5 » Transitions of the j j. ^ series 


Transition 

Calculated frequency 
MHZ 

C.D. Correction 
MHz 

^^6 7 **^^7 7 

32946 .062 

-0.099 

^^6,8"^S,8 

32777.075 

0.218 

^^6,9"^^7,9 

32551.871 

0.980 

10 

32247 .183 

2.525 


31828 .206 

5.4o4 

'^6, 12"'^7 , 12 

31245.460 

10.439 

'96.13"'97,13 

30434.484 

. 18.687 

^^6 , i 4"^°7 , i4 

29322.501 

31.199 

^'6, 15"^'7, 15 

27844.957 

48.54o 
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Table 3 - 6 . Transitions of the J-J2 j 2 


Transition 

Calculated frequency 
MHz 

C .D, Correction 
MHz 

, 8 "® 2,6 

20556.578 

- 5.464 

, 9 "^ 2,7 

24460 . 6 10 

-8.267 

, 10 ~^° 2,8 

28746.369 

-1 1.650 


! 


Table 3 . 7 . Transitions of the ^ ^ 


Transition 

Calculated frequency 
MHz 

C .D. Correction 
MHz 

'° 2 , 9 -^^ 3,7 

20158 .742 

-10.331 

’'‘ 2 ,lo"''^ 3,8 

23248 .145 

-15.900 

^^ 2 , n"^^ 3,9 

26927.223 

- 22.924 

^^ 2 , 12"'’%, 10 

31115.581 

-31.225 
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Table 3.6 . Transitions of the j“'^2 J 2 


Transition 

Calculated frequency 

MHz 

C .D. Correction 
MHz 

,8"®2 ,6 

20556.578 

-5.464 

^1,9'^2,7 

24460.6 10 

- 8.267 

,10"’°2,8 

28746.369 

- 11.650 


i 


Table 3 . 7 . Transitions of the J„ j ^ 

-Jo , 0 series 

J fJ “J 

Trans i ti on 

Calculated frequency 
MHz 

C .D. Correction 
MHz 


20158.742 

-10.331 

”2,10-”3.8 

23248 .145 

1 

KJI 

• 

0 

0 

^^ 2 , 11 -'‘^ 3,9 

26927.223 

-22 .924 

''^ 2 , 12 “'’ 33,10 

31 115.581 

-31.225 



series 


Table 3.8 . Transitions of the ^ 2"'^4 j 4 


Transi tion 

Calculated frequency 
KHz 

C.D. Correction 
KHz 

11^ ^-11, „ 

3,9 ^,7 

19690 .846 

-6 .926 


21038.957 

-12 , i45 

'33,ii-’34,9 

22981 .737 

-19. 9^0 


25589.581 

-30.627 

’^3,13"’®4,1l 

28874.388 

-44.173 

iS,i4-’«4,,2 

32791 .470 

-60.229 
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Table 3*9 • Transitions of the ^ ^ series 

o,j-5 7,J-7 


Transition 

Calculated frequency 

MHz 

C.D. Correction. 

MHz 

^^6.8-^^, 6 

32965 .282 

-0.307 

■'^6,9-''^, 7 

32824.248 

- 0.327 

^^6,io“^^7,8 

32659.260 

- 0.343 


32476.036 

- 0.472 


32287. 6o4 

-0.959 


32117.652 

- 2.258 

■'96,i4-'97.12 

32004.421 

- 5.127 

^°6,-i5"^°7,i3 

32 oo 4 .665 

- 10.741 

6 , i6 7,1^ 

32197.076 

-20,802 





Table 3.10. Transitions of the J. _ „-J- t c series 
— 4,J-3 5,J-5 


Traxisi tion 

Calculated frequency 
MHz 

C.D. Correction 
MKz 


23089.816 

0*166 


23055.157 

0.075 

^4,4-75.2 

23004.539 

-0.029 

8r £--8 

5,3 

22939.195 

-0.158 


22866.91 1 

-0.353 


22805.773 

-0.710 


22788,290 

-1 .418 

’‘^4,9"'‘^5,7* 

22865.476 

-2.811 


23110.412 

-5.425 


23620.014 

-10.047 


24512 .452 

-17.703 

^^4,i3"^^.5,ll 

25916.049 

-29.502 

'74 ,i 4-''75,-,2 

27947 .097 

-46.309 

^"4,15-^S,13 

3068I .921 

-68.394 


* Obs srved. transi ti ons . 
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Table 3 . 11 , 


Transitions of the j. j 6 series 


Transition 

Calculated frequency 

MHz 

C . JJ . C orrec ti on 
MHz 

^ 5 , 2 '^ 6 ,o 

28227.778 

0.322 


28196.83^ 

0.195 


2815I .015 

o.o 64 

^ 5 , 5 “^ 6,3 

28086 .969 

-0 .06 1 


28002.029 

-0. 177 

^^ 5 , 7 ''‘’ 6,5 

27895.856 

-0.296 


27772 .232 

- 0.464 

’^ 5 , 9 -^ 36, 7 

27641 .993 

- 0.797 

^S,1o"^^6,8* 

27526.494 

-1.524 


27461.573 

-3.060 


27501.610 

-6 .078 


27722,999 

- 11 . 59 ^ 

12* 

28225,863 

-21 .015 

^%, 15 “^^ 6 , 13 * 

29131 .571 

-36.075 


30572.1 18 

- 58.532 

^^ 5 , 17 '^^ 6 , 15 * 

32668.927 

-89.607 


♦Observed transitions 
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Table 3.12. 

Transitions of the J-l, , . 

J — 1 , 

, -J - series 


i U 5 * 

Transi tion 

Calculated frequency 
MHz 

C*D. Correction 
MHz 

1 -2 

1,1 2,1* 

19917.962 

-0.026 

2 -3 

2,1 -^3,1* 

30906.577 

-0.088 


*0bserved traxisition. 
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Table 3. 13 . Transitiens of the J-1 , i~'^i t 1 


Transition 

Calculated frequency 
MHz 

C.D. Correction 
MHz 

2 -1 

0,2 ^1,2* 

21725.032 

-0.143 

3 -4 

^0,3 1,3* 

28549.845 

- 0.351 

*0bserved. transitions 

Table 3»1^« Transitions of the J-1, , 

i fj 


Transit! on 

C alcula ted Trequency 

C.D. Correction 

MHz 

MHz 

1 -2 

1 ,0 2,0* 

19582.824 

- 0 .032 

2 -3 

1,1 -^2,1* 

25370.167 

-0. 121 

3 -4 

-^1 ,2 2 ,2* 

31187.477 

- 0.302 


^Obser-ved traxisi tions 
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Tabl e 3 ♦ 1 5 . Transitions of the J-1^ ^ J 1 


Transition 

Calculated frequency 
MHz 

C.D. Correction 
MHz 

1 _2 

1,1 2,1* 

19917 .962 

-0.026 

^1 ,2"^2 ,2* 

26296.681 

-0.117 

, 3 *^ 2 , 3 * 

32855.793 

-0.298 

*Gbse3?ved 

transit! ons 



Table 3.16. 

Transitions of the J-1_ , 

, .-J^ series 

1,0 J , 0 

Transition 

Calculated frequency 
MHz 

C.D. Correction 
MHz 

^1 ,0~^2,o* 

19582.824 

- 0.032 

2 -1 

2,0 3,0* 

30868.339 

-O.O 8 I 


"Obseirved transitions 



CHAPTER 4 

CEHTRIPUGAL DISTORTION COKSTANTS OF ALL YL AMINE 
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ABSTRACT 


The microwave spectra of two rotameric fonas, i . e. .. 
N-gaiache lone electron pair gauche 1 (KGLGl) and N-gauche 
lone electron pair trans (t'GLT) of allylamine have been 
analysed up to J=26 and J=29 respectively in the frequency 
region 5-40 GHz. Analysis gives all the quartic centrifugal 
distortion constants of both the forms of the molecule. 
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INTRODUCTION 

Allylic compounds are a class of compounds most of 
which exhiloit the feature of rotational isomerism malcing 
the study through microwave spectroscopy very interesting. 

The compounds 3 f luoropropene, butene-1 and 3 chloro- 

A2 43 

propene" present cis and gauche forms, vrhereas allylalcohol 

44 

and allylmercaptane are observed only in gauche form. 

Allyl amine has two bond axes, shown as ^2~^3 ^3“^ 

in the figure 4.1, several angular positions of which give 
rise to different potential minima. Hence, the molecule 
shows rotational isomerism. 

The micrx3wave study of allyl amine vras started by Roussy 
45 

et al. who characterised the molecule as possessing seven 
rotameric forms, each rotameric form by virtue of its •unique 
set of rotational constants, giving rise to a distinct rota- 
tional spectrm. So far microwave spectra of N-cis, lone- 
electron pair (lep) trans (NCLT), " N-gauche lone-electron 
pair gauche 1 (NGLGl) and N-gauche lone-electron pair trans 
(NGLT)'^'^ have been studied. 

45 ^ ■ 

In the first study, approximate values ot rotational 

constants, dipole moments and quadrupole coupling constants 

were calcxolated for the seven rotamer models vjith different 

dihedral angles of the nitrogen lone electron pair direction . 



37 


with respect to C~C single bond (lep trans and lep gauche). 

The separation of the H-gauche positions from tlie E-cis/ and 
of the lep-gauche positions from lep-trans, were each asstmed 
to be 120°. 

The microv/ave spectrum of NCLt"^^ was studied up to J=8 

in the ground vibrational state and later tlie study xvas 
47 

extended up to three vibrational states T^ and E' but 

unfortunately these studies were also limited to J values 
less tlian S. Therefore due to the fact that the centrifugal 
distortion effect is small at low rotational quantum nunisDers, 
the problem of centrifugal distortion constant calctilation 
of this form of allylamine was not attempted. Furtlier study 
of the microv/ave spectrum of allylamine was made by dots’ror 
et al , who studied the ground state spectrum of EGLGl form 
up to J=26 and also observed and assigned the spectra corres- 
ponding to four excited vibrational states (Tl, T2, T3 and T4) 
of the C-C torsional mode. 

47 

The study was continued* with NC31iT vrhich is studied 
up to J=29 in the ground vibrational state along v^ith the 
microv/ave spectrum corresponding to five different (Tl, T2^ 

T3, El and TlEl) vDd rational states of the C-C, C-E and a 
corajDination of C-C and C-K torsional inodes. 

Since the molecule is an asymmetric top and the observed 
spectrum shows a significant difference from the rigid rotator 
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values/ tlie calculation of centrifugal distortion constants 
is essential for further study of these forms of the molecule. 
We have calculated the quartic centrifugal distortion cons- 
tants for both the isomeric forms in tlie ground and the t\io 
excited vibrational states of the C-C torsional mode. 


ANALYSIS OF THE SPECTRUIl 

Allyl amine molecule is a near prolate syriimetric rotator 

vrith all the three components of dipole moment being nonzero / 

hence the spectrim is expected to be a crovrdod one. A large 

46 47 

number of transitions have been observed by Botshor et al. " ^ " 
in the frequency region 5-40 GHz. These transitions mahe a 
complete analysis of its microwave spectrum possible. 

An iterative process is used for tlio calcialation of 
these Constants and in the least sq^iare fit the difference 
between the calculated frequency and the observed frequency 
is considered to be a linear function of the paranieters to be 
determined, i.e. we are fitting an equation of the type 


M 


i = 1.2^3, ...M 


( 1 ) 


^'There y^ is the difference betvjeen the observed frequency and 

the calculated frequency" of the ith transition, and C, 

(ic = 1,2,.. .m) are the parameters to be determined {5A, 6B, 

5c, , t/-, v., / Ti/ To snd and X,,,, k=l,2,...M 

' aaaa' bbbb' ^cccc^ ^1' ^2 3 “ex' 


* A" = A ^ 5 A, B" = B + 5B and C" = C + 5C. 
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are the expectation values of the angular momentum operatcJTs- 
P^/ P^/ P^^, P^, Pj/ P2 and P^) associated v/ith 
for the ith transition. K indicates the nxirCoer of transitions 
included in the fit. If the uncertainties in the determina- 
tion of the frequencies of all the observed transitions are 
asstimed to be equal*, the following least square matrix 
equation is obtained from aJoove set of equations. 

XC = Y (2) 


where C is a column matrix v/liose elements are C^. and X is a 
(MxM) least square matrix xdiose elements are 


N 

X, T = T X, . x_ . 

iCl JCl ll 


(3) 


and Y is an M dimensional column vector 


N 

= I X, y . 

JV ^ ^ jvi i 


(4) 


The parameters C,, are given by 


C = X"^ Y 


(5) 


The standard deviation of the fit* is given by 

r N 9 ~li/2 

y (V , - V ^ 

obs cal 


H - M 


(6) 


where v and v . are calculated and observed transition 
cal 00s 


frequencies. 


* All transitions were given unit weightage. 


ii 
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A particular quantity of interest is the 'standard 
deviation of the calculated frequency* 5 ^^ given by 


yi^ 


M M 

I I 

}c=l 1=1 


^ci ^1:1 "^i 


(7) 


where V is the variance convergence matrix obtained by 
multiplying X*”^ with the square of the standard deviation. 


If y^ is the calculated frequency of a transition which 

has not been included in the fit, then has tlie property 

that if ith transition is measured and value of y. falls 

1 

vjithin + 5* . of the calculated value y., then inclusion of 
that transition in the fit v;ill not increase the overall 
standard deviation of the fit S. 


A mismeasured or misassigned transition, when included 
in the fit, can appear. to be well fitted with the error 
distributed among tlie remaining transitions. This results from 
the effects of tlie correlation and the fact that the parameters 
can be sensitive to the value of certain individual transitions. 


If more and more transitions are measured and included in the 
fit, the badly measured transition v/ill become more obviously 
mismeasured and eventually can be weeded out. • 

This procedure is illustrated in the analysis of the T^ 
state of NGLGl. On the first calculation, tliree of the transi- 
tions were so poorly fitted that their elimination reduced 
the standard deviation from 1,952 MHz to 0.54-0 MHz. On the 
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second calculation tv?o transitions were found to have large 
4* . and tlieir elimination redxiceitlie standard deviation ■ 

-X ^ 

from 0,540 MHz to 0.063 MHz, v/hile in the tlnird calculation 
one more transition was elijoinated and the standard deviation 
was finally reduced to 0,036 MHz, A loolt at Ta-ble 4.1 indicates 
that out of - the six eliminated transitions three cotild loe 
almost correctly assigned. The re'aaining three, i. e. , 

S. --8,. r,; 9, --9^ o snd 12, ,,-12,, sean t© have been 
mismeasured which is also evident finm the centrifugal 
distortion corrections of these transitions in their respeo- 
tive series. 

Similar analysis for different states of HGLT and HGLGl 
shows the mismeasurement of a few transitions which are given 
in Talole 4,2. 

VThen the calcvilations were done for the ground state of 
NGLT, it v;as not possible to include all the observed transi- 
tions in the fit, because of the limitation of the mamory 
available in the I'£a'!-7044 computer. The system has memory' 
of 32,000 words vdiich can however b'C increased by using the 
link facility of this computer though only to a limited 
extent. Using the link, the program can fit a maximm of 
■45 transitions. 

But on the other hand the racmtory limitation was found to- 
give an interesting test to the calculations as below - 
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The constants obtained by using tlie maximum possible 45 
transitions (randomly chosen out of 77 o-:5servod) were used 
to predict all the possible transitions in tlie frequency 
region studied to J=29. The predicted transitions were 
compared x^ith the roraaining observed values xvhich are not 
used in tlie fit and it vjas found that all the transitions 
were predicted within +1.15 MHz of the observed values as 
can be seen from Table 4,2i shox^ing frequencies of various 
transitions for the ground, state of ECILT. Hiese resi-xlts shox'? 
the excellent capalaility of the calcxflations. 

The rotational spectra in the and T 2 states of EGLGl 
and I'TGLT have been observed xjp to J=15 and J=20 respectively^ 
and up to J=26 and J=29 in the ground state. For comparison 
piurpose another least square fitting is made using the 
observed transitions up to J=15 of the groxind state of NGLGl 
and up to J=20 of tlie groxind state of EGLT and transitions up 
■to J=25 of EGLGI and x.p to J=29 of HGLT x-^ere predicted. Tlie 
predicted , transitions were found to be x-ritliin +2.5 MHz of the 
observed values for HGLGl and xiiithin +7.0 MHz for NGHT. Thus 
xre expect that the uncertainties in the predicted frequencies 
of transitions v/ith J ^ 15 of HGLGl and J ^ 20 of FGLT in 
-their T^^ and T 2 states -to be also within similar limits- 
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Table 4 , 1 « Results on the analysis on the mismeasurod state 
transitions ot NGLCxI 


Transition Obs . val v , -v , ^yi v , -v , ®yi Remark 

oos cal obs cal 

S=0.5^0 MHz S=0»036 MEz 

MHz MHz MHz MHz MHz 


1 

o 

o 

o 

29228.865 

0.128 

^1, 4-^0, 4 

20300,415 

0.037 


23072.529 

-2.317 

^1,9 “^0,9 

18360. 781 

-10.115 

’^1 ,1T^^0, 12 

25839. 01 5 

-0.728 


I 6 o 6 o, 4 oi 

0.278 


0.106 

0.117 

0.018 

/ 

0,065 

0.051 

0.024 

/ 

0,070 

_2.4l2 

0.012 


0.072 

-10.o42 

0.017 


0.307 

-1.013 

0.021 


0.425 

0.271 

0.024 

/ 
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Table 4.2. Mismeasured 

transitions 

of Ally famine 

Transition 

state 

Ro tamer form 

0 

1 

o 

o 

o 

Ground 

NGL&I 

®1,7"®0,8 
,9'^0,9 
'^1 , n"^^o, 12 

T1 

NGLG1 

^1,4’^1,3 
^^1 , 12“^^0, 12 
^^I,i4”''^0,l4 

T1 

NGLT 

^i,3‘^0,4 

®l,7"®0,8 

T2 

NGLT 
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GEblERM i DISCU SSION - HGLGl 

The molecule KGLGl is a near prolate simimetrlc top with 
all the three components of dipole moment 3oeing nonzero 
[y^ = 0.169 D, = 0.S07 D and = 0.829 D] . So all the - 

three types of transitions are expected in the rotational 
spectrum of the molecule. Tlie observed spectrim consists 
of 44 transitions of tlie groiand state^ 27 transitions of the 
vi'Drational state and also 27 transitions of the T 2 
vi::>rational state. 

Tlie results of the fit of these transitions are given 
in Tables 4.3^ 4.5 and 4,7 and the rotational and centrifugal 
distortion constants are given in Tables 4.4, 4.6 and 4.8. 

Since the microwave measurements of this molecule were 
limited to At ^2, only the transitions witliAT£2 were predicted 
in the frequency region 5-40 GHz. Q-branch transitions were 
predicted up to J=26 and R-branch transitions to J=7 only.* 

Q-branch Transi ti ons ■ 

The three Q-branch scries, vrhich ©eexor in the region 
of interest, belong to a, fo and c-types. The a- type and 
c-type series corresix^nd to At= 1 vrhereas the b-type series 
corresponds to At =2. 

*Since transitions with values of J higher than these are 
not observed. 
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(i) J, T - - J, series - This series belongs to a-type. For 

^ X /■ u^-X 1 i U 

all the three states (Ground^ and T^) linos of interest 
lie betv/een J=9 and J=25. None of the transitions of this 
series has been reported so far. 

For groimd state these lines lie between 5377.724 MHz 
and 38602.748 MHz, for state bctv/een 5278.444 MHz and 
37909.726 MHz and for T^ state between 5247.647 MHz and 
37 407.035 MHz. 

The. transition frequencies as well as the C.D. correc- 
tions of the lines belonging to this series increase with the 
increase in rotational quantum number. The frequencies and 
C.D. corrections of these lines are sh-own in Table 4.9. 

(ii) J. T , - X series - This series belongs to b-type. 

j. / X ^ f w 

For all the three states (ground, T^ and T^), the lines of 

interest, lie between J=1 and J=2,2, Most of the transitions 

46 

belonging to this series have been reported earlier. 

For the grovind state, these lines lie between 20953.052 
MHz and 39857.880 MHz. Transitions -op to J=15 of this series 
have been reported*^^ earlier. Transition corresponding to J=2 

7 

of this series, i.e. 2 ^^^- 2 q ^2 reported by Botskor et al. 

at 20715.098 MHz. This, however, seems to be wrong, as it 
is predicted presently at 21073.254 MHz. The T^ state lines 
lie between 20937.673 MHz and 39441.649 MHz. Almost all the 
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transitions up to J=15 except those with J=:4, 5 and 7 of this 
state have been reported"^ ^ earlier. The state lines lie 
between 20942.079 MHz and 39336.687 MHz. Almost all the 
transitions up to J=14 ejccept those vrith J=l, 4 and 5 of this 
series have been reported earlier. 

The frequencies of the transitions belonging to this 
series increase with the increase in the rotational quantum 
number. The C.D. corrections are negative for lower J values 
but become positive with the increase of J and then increase 
V7ith tlie increase in the rotational quantum nimber. The 
frequencies and C.D. corrections for these lines are shov/n 
in Table 4.10. 

(iii) J. T-J-o T series - This series belongs to c-type. For 

1 ^ u Uf u ^ 

all the three states (ground, T^ and T 2 )/ the lines of interest 

lie between J=1 and J=26. Most of the transitions belonging 

46 

to this series have been reported earlier. 

For ground state, these lines lie bchroen 20833.661 KHz 

and 7144,234 MHz. All the transitions except 2^ 2”^0 2 

46 

sition of this scries have been reported earlier. The 
transition 2^ 2~^0 2 been predicted presently at 20715.060 
MHz. 

For T^ state, these lines lie between 20820. 432 MHz 

and 7284.683 MHz. All the lines up to J=14 of this series 

■ ' 46 . 

except the one corresponding to J=10 have been reported earlier. 

This line hov/ever has been predicted now at, 17846.797 MHz. 
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For state^ these lines lie between 20825.538 MHz 
and 7313.888 MHz. All the lines up. to J=14 of this series 

Af\ 

have been reported earlier. 

The frequencies of these transitions decrease vT’ith the 
increase in the rotational quantum number. The C.D. correc- 
tions are negative for lower J values but become positive 
with the increase of J and then increase with the increase 
in the rotational quantum number up to d'=9 of the ground 
state, vp to J=10 of the T^ state and up to J=ll of the T 2 
state; and beyond these values of J the C.D. corrections 
decrease with the increase in the rotational quantum number 
and finally change sign at J=14 for the ground state, at 
J=15 for T^ state and at J=17 for T^ state. The frequencies 
and C.D, corrections for these lines are shovm in Table 4.11. 

Comparing the results of Tables 4.9, 4.10 and 4.11, it 
can be , seen that the a-type, Q-branch series is highly distorted 
and the c-type is least distorted. 


R-branch Transitions 


Out of the eight series of this type possible v/ith J <_ 7 
seven belong to a-type and one to b-type. 


a-type Series 

■^l,J-^-^0,J-l series 
corresponding to J=1 and 2 


Only two lines of each state 
fall between 5 and 40 GHz for this 
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• 46 

series. EJoth of these transitions have been reported 

earlier in ground state/ but only a transition corresponding 
to J=1 has been reported' in and states. The frequen- 
cies and C.D. corrections for those lines as calculated 
presently are shown in Table 4.12. 


Only tv7o lines for each of the 


states corresponding to J=1 and Jz=2 are expected belov; 40 GFIz 

for this series. Both of these transitions have been reported 

earlier- in the ground state but only those corresponding to 

46 

J =1 have been reported in both and states. The 
results of the present calculation for these lines are shown 
in Table 4.13. 


46 


(iii) Jq series - Four lines which fall below 

40 GHz from J=1 to J=4 of this series have been predicted in 
this worlc but none of these has been reported earlier. The 
frequencies and C.D. corrections for these lines are sho-wn in 
Table 4.14, 


(iv) _ ^-J-l_ T ^ series - Only two lines corresponding 

^ ^ A I O '^3 

to J=3 and J=4 of this series are ejqjectcd belox'7 40 GHz and 
these have been predicted in this v/ork but none of those ha« 
been reported earlier. The frequencies and C.D. corrections 
for these lines are shown in Table 4.15, 


(v) J- T ,-J-l- T „ series - Only three lines corresponding 
X / '*** X ■ X # **** .^' 


to J=2/3 and 4 of this series occiir below 40 GHz. Tfffese have been 
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predicted in present worlc for all the states but none has been 
reported earlier. The frequencies and C.D. corrections as 
calculated now for these lines are shown in Table 4.16. 


(vi) J-2 ~ linos of this series 

which fall belov? 40 GHz. corresponding to J=3 and J=4 
have been predicted in this work for all the states 
■3ut none has been reported so far. The frequencies and the 
C.D. corrections for those lines are shovm in Table 4.17. 


(vii) J. ^-J-1. _ . series - Only three lines corresponding 
to J=2, 3 and 4 of this scries v/hich fall belovj 40 GHz have 
been predicted presently but none has so far been reported. 
The frequencies and C.D. corrections for these lines are 
shov/n in Table 4,18. 


b-type Series 

(i) _-J-l, T , series - Only four lines from J=4 to J=7 

^ ^ W X./ 

of this series are expected in the region of interest. These 
have been predicted in this vrork but none of thcan has been 
reported so far for any state. The frequencies and C.D. cor- 
rections for these lines are shown in Table 4,19. 

Other R-branch Transitions 

Two transitions ‘^3 O ^3 2''^3 1 

a- type have also been predicted in the frequency region studied. 
The frequencies and C.D. distortion corrections for these lines 
are shown in Table 4,20, 
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GENERAL DISCUSSION ^ MGLT 

The moleculG NGLT is a near prolate symiriGtric molecule 
with all the three components of dipole moment being nonzero 
E = 0.766 D, = 0,700 D, = 0,290 D] , hence vre esepect 
the microwave spectrxm of this molecule to be very crowded 
with all tile three types of transitions. 

The observed spectrum consists of 77 transitions of the 
ground state, 40 transitions of vibrational state and 27 
transitions of vibrational state. Tables 4.21, 4.23 and 
4.25 give the results of the fit on these transitions. 

Rotational and centrifugal distortion constants for 
different states are shown in Tables 4.22, 4.24, and 4.26. 

All the Q-branch transitions up to J=29 and R-branch 
transitions up to J=7* have been predicted within At ^2, in 
the frequency region 5-40 GHz. 

Q-branch Transitions - 

Three Q-branch series have been predicted in the fre- 
quency region 5-40 GHz and up to J=29. These three series 
belong to a, b and c-types. The a- and c-type series are 
v/ith At =1 and b-type series has At =2. 


*Since transitions with values of J higher than these are 
not observed. 
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(i) series - This series belongs to a- type and 
for all the three states, the lines of interest lie between 
J=12 and J=29 in the frequency region studied. This series 
has not been reported so far. 

For grotmd state these lines lie betv/cen 587 4.699 MHz 
and 32988.396 MHz, for state these lines lie between 
5768.746 MHz and 32439.501 MHz and for state between 
5769.746MHz and 32336.995 MHz. The frequencies as well as 
the C.D. corrections of these lines increase with the 
increase in the rotational quantum number. The frequencies 
and the C.D. cofteCtiCns for these lines are shown . - 

in Table 4'. 27, 

(ii) J, T X series - This series is a b-type series. 

lyJ-1 

Most of the transitions belonging to this series have been 
reported^”^ earlier. For all the states the series starts at J=1 
and in the frequency region studied ends at J=23. ‘ 

For ground state, the series starts at 19801*774 MHz and 
ends at 39420.757 MHz, All transitions except 28^^ 27"^^0, 28 
of this series have been reported^ earlier. 

For T^ state,- the scries starts at 19866.244 MHz and 

47 

ends at 39080.309 MHz. The series has been reported earlier 

up to J=*20, except ^1,4“^0,5 ^1,5“^0,6 

tions. 
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For state, the series starts at 19929.303 MHz and 
ends at 39071,663 MHz. Only eight transitions up to J=18 of 
this series have been reported earlier. 

The frequencies of the transitions belonging to this 
series increase with the increase in the rotational quantum 
number, while the C.D. corrections are negative for lower J 
values but become positive with the increase in the rotational 
quantum number, and then increase with the increase in rota- - 
tional quantum number. The frequencies and the C.D. corrections 
of the lines belonging to this series are shovm in Table 4.28. 

(iii) J. T-Jo, X series - Tliis series belongs to c-type. For 
1 , u u, u 

all the throe states the linos of interest lie between J=1 and 
J=29. Most of the lines belonging to this series have been 
reportod^'^ earlier. 

For the ground state these lines lie beti^oen 19726.722 MHz 

and 8115.070 MHz. All the transitions of the series in this 

A7 

state have already boon reported. 

For T^ state those lines lie betvreen 19792.492 MHz and 

8297.129 MHz. Only a few transitions up to J=14 of this series 

47 

have been reported earlier. 

For the T 2 state, these linos lie between 19355.551 MHz- 
and 8370.329 MHz. The transitions from J=6 to J=19 of this 
state, esccepting 7^ 7“'^0,7' ^.^ 1 , 16“^S, 16 reported^'^ 


earlier 
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■^he frequencies of these transitions decrease with the 
increases rotational quantum number. The C.D. corfec- 

"tl wIm ITX 

negative for lower J values but become positive and 
increase ^ith the increase in the rotational quantum number 
up to J 5-9 ground state, up to J=10 of the and also 

up to q£ rp^ state and then decrease with the increase 

iri' 'Vs 

botational quantum number and finally change sign at 
J_13 04 , ground state, at J=14 of both the and states 

and ths]^ increase with the increase in the rotational quantim 
number. frequencies and €1.D. corrections for these lines 

are sho^ in Table 4.29, 


Co 


can be 


'’^paring the results of Tables 4.27, 4.23 and 4.29, it 
®sen that in the Q-branch, a-type series is the most 
distort^ one whereas the c-type series is the least distorted. 


b — — *5 ^Transitions 

of the eight series of this branch possible with 
— ' ^^Ven belong to a-type an<l one belongs to b-type. 


^ j I - Only two lines corresponding to 

J-1 ancj £qj- each of the states (groiind, T^ and T^) occur 
below 4 q this series. These lines have already been 

report§^47 ground and the T^ state but none so in the 

T 2 statg^ The frequencies and C.D. corrections for these 
calculated presently are shown in Table 4.30. 


lines 
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(ii) series - Only two lines corresponding 

to J=1 and J=2 of each of the states (the ground, and T^) 

are expected below 40 GHz for this series. These lines in 

ground state and the line corresponding to J=2 of the 

47 

state have been reported earlier but none of the state 
lines has been reported so far. The frequencies and C.D. 
corrections for these lines are shown in Table 4.31. 


(iii) Jq ^ series - Four lines from J=1 to J=4 of 

this series occur belov/ 40 GHz. All these lines in ground 

state and lines from J=1 to J=3 in T^ and T^ states of this 

47 

series have already been reported. The results of the 
present calculation for these lines are shoi-'/n in Table 4,32. 

(iv) T „-J-l_ T , series - Only two lines corresponding to 

J=3 and J=4 of this series v7ould occur below 40 GHz but only 

47 

vground state line corresponding to J=:3 has been reported 
so far. The frequencies and C.D. corrections for 


these lines as calculated presently are shown in Table 4,33. 


(v) J- T ,-J-l- _ „ series - Only three lines corresponding 

to J=2,3 and 4 of . this series occxor belov? 40 GHz for all the 
three states. All these lines except 4^ 3"*^1 2 "^2 

j| r*7 

have already been reported. The frequencies and C.D. 
corrections for these lines as calculated now are shown in 
Ta-ble 4.34. 
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(vi) j^2 series - Hie two lines corresponding 

to J=3 and Js:4 of this series fall belov/ 40 GHz for all the 

states but only 3^ 2"’^2 1 ground state has been 

47 

reported so far. The frequencies and S.D. corrections 
for these lines are shown in Table '4, 3-5. 

(vii) j-i series - Three lines from J=2 to J=4 

of this series xfhich fall below 40 GKz have been predicted. 

All these lines except 3^ 3“^1 2 ground state 

47 

and the T 2 state have been reported earlier. The frequencies 
and C.D, corrections for these lines are show, in Talile 4.36. 

b~type Series 

(i) T T series - Five lines f 2 x>m J=3 to J=7 of 

U / u 1 j u 

this series are expected in the region of interest and have 

been predicted in the frequency region studied. Lines fix»m 

J=3 to J=6 of ground state and from J=3 to J=4 of T^ state 

47 

have already been reported . The frequencies and C.D. 
corrections for these lines are shovm in TaJ^le 4.37. 

Other R-b ranch Transitions 

Two transitions 4^ ^”33 q ^3 2“^3 1 ■’x> 

a- type have also been predicted in the frequency region 
studied,|J The frequencies and C.D. corrections for these lines 



106 


(vi) 




The tvro lines corresponding 


to J=3 and J=4 of this series fall ’oelovi 40 GHz for all the 


states but only 3^ 2'"^2 1 ground state has been 

47 

reported so far. The frequencies and 6.D. corrections 
for these lines are shown in Table '4.35. 


(vii) series - Three lines from J=2 to J=4 

of this series which fall 3oelow 40 GKz have been predicted. 

All these lines except 3^ 3“^1 2 ground state 

47 

and the state have been reported earlier. The frequencies 
and C.D, corrections for these lines are shov.n in TalDle 4.36. 


b-type Series 

(i) T-J-l. , series - Five lines from J=3 to J=7 of 

U/ 0 1 j u 

this series are expected in the region of interest and have 

been predicted in the frequency region studied. Lines fiom 

J=3 to J=6 of ground state and from J=:3 to J=4 of T^ state 

47 

have already been reported . The frequencies and C.D. 
corrections for these lines are shovrn in TaJole 4.37. 

Other R-branch Transitions 

Two transitions 4^ q and 4^ 2“^3 1 i^elonging to 

a- type have also been predicted in the frequency region 
studied. The frequencies and C.D. corrections for these lines 
are shown in Table 4.38. 
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Different sets of values of the physical quantities 
are e:cpected for NGLGl and MGLT because the important amine 
partial dipole moment and the nuclear quadrupole coupling 
tensors have very different orientations with respect to the 
heavy atom frame of each conformer. Tliis becomes clear from 
Table 4.39. 

The previously missing lines of higher vibrational 
states corresponding to different series have been predicted 

with certainty now/ so these lines can be easily found. 

The results can be further improved if the predicted 
Q-branch a-type series are observed and included in the fit 
with the variation in the rotational constant A allov/ed. A 
large nxtnber of Q-branch b-type and Q-branch c-type transitions 
have been reported earlier and it has been found that the 
rotational constants B and C are well determined. Thus the 
observation of Q-branch a-type series which unlike Q-branch 
b-type and Q-branch c-type series starts at higher rotational 
quantum numbers, will improve the results further as well as 
the rotational constant A. 

The uncertainty in the rotational constant A is clear 
from a-type observed transitions (only R-branch transitions 
were reported earlier) which deviate comparatively more from 
the observed values. 

Another Q-branch, a-type series has also been predicted 
(not given here) for both the forms of allylamine studied. 
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This series <J„ _ „-J- _ . ) starts at J=22 for NGLGl fonn 
and at J=28 for NGLT form. NGLGl series lies betv/een 5-10 
GHz and NGLT series lies betvreen 5-6 GHz. Tnis series has 
been predicted with very large standard deviation which can 
however be improved upon if ^ -J. ^ Q-branch a- type 

series is observed, and a better value of A determined 


therefore is used 
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Ta-bie 4.1. Microwave spectnim ot ground, state of NGLG-1 




Std 

dev = 0.261 MHz 

Transition 

Calculated 
f r eq . 

MHz 

observed 
f req . * 

MHz 

C.D. Correc- 
tion 

MHz 

^ 1 .0"®0,0 

29339.337 

29339.212 

-0.022 


20833.661 

20833.649 

- 0.059 

1-. -1 
^.0 0,1 

20953.052 

20953.098 

- 0.057 


21254.539 

21254.612 

0.716 

4 -^ 0. 5 

21805,457 

21805.425 

2.303 

»5~^o,6 

22178.607 

22178,567 

3.505 


22619.867 

22619.804 

5.060 


23131.934 

23131.880 

7 .o 43 


23717.863 

23717.828 

9,546 

» 9 "^ 0,9 

18340,134 

18340.017 

3.106 

, io“^%,io 

4:- 

1 0 - -10 

^ ,9 ^0,10 

17807.324 

24381 .o 4 o 

17807.139 

24380.015 

3.060 

12.678 

11 -11 

1,10 0,11 

25125.161 

25125.207 

16.567 

11, -11 

1,11 0.11 

17235.701 

17235.540 

2.731 

12 _12 

1 ,12 0,12 

16629.337 

16629,190 

2.069 

’^,11-^Vl2 

25954.189 

25954.338 

21.359 

13 , ,,2“'‘^o,13 

26872.317 

26872.587 

27.224 

^^1 , 13 “^^ 0.13 

15992.603 

15992.470 

1.029 

^^1, 13 "^^ 0,14 

27883.905 

27884.418 

34.350 


^ - 

Obsearved transition frequencies sore corresponding to the 
^observations of Botskor et al. ^ 

Transitions not included in the fit. 
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Table 4.3 (...Contd.) 



28993 .^ 1 ^ 

28992.830 

42.951 


29219.946 

29219.820 

- 0.024 

, 2 ”^ 0,1 

37^86.793 

37^86.800 

-0.037 


37844.987 

37845.200 

- 0.012 

2 2 ** 

21073.254 

20715.098 

0.243 

, 3 "^c ,3 

20538.093 

20538.086 

0.609 

^i. 3 '^ 0,4 

21498.084 

21498 .034 

1 .389 


20303.886 

20303.985 

1 .082 

5 -^ 0, 5 

20013. 9^ ■« 

20013.891 

1 .599 

^i, 6 -^ 0,6 

19670.141 

19670.020 

• 2.114 

"i, 7 ’^ 0,7 

19274.749 

19275.380 

2.574 

15330.129 

15329.959 

- 0.420 

^ 1 , 8 "^ 0.8 

18830.409 

18830.369 

2.925 

^^ 1 , 15-%,15 

14646.763 

14646.630 

- 2.301 

1 , 1 o 0 1 Id 

139^7.507 

13947,390 

- 4.622 

’^. 17 -’^ 0.17 

13237.452 

13237.387 

-7.375 

, 18 “^® 0,18 

12521.703 

12521 ,662 

- 10.539 

^^1 , 19 ~^^ 0, 19 

11805.298 

11 805.265 

- 14.078 

^^ 1 , 2 o "^° 0,20 

11093.125 

11093.076 

-17.939 

23 ^ 2 i - 2 '» o ,21 

10389.836 

10389 . 79 ^ 

-22.062 

^^1 , 22 “^^ 0,22 

9699.771 

9700.730 

- 26.375 

23 ,^ 23 “^^ 0,23 

9026 .891 

9026.830 

- 30.800 

^^1 , 24"^\,24 

837^.712 

837^.645 

- 35 .255 

^^ 1 . 25 "^^ 0,25 

7746.266 

7746.160 

-39.659 

^^1 , 26 ~^^ 0,26 

7144,234 

71 ^ 3-900 

- 43.935 

^ Tranaitions not 

included in the 

fit. 


* Wrongly or ted 

transi tion . 
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Table 4,4 . Rotational and centrifugal distortion constants 
of the ground state of NG LG- 1 


Watson* 3 determinable 


Kivelson-Wilson' s derived 


aaaa 


bbbb 


cccc 


-286.38259 KHz 

-49.95033 KHz 
-56.43834 KHz 




parameters 


parameters'" 

A" 

=r 

25086.54 MHz 

A» = 

25086.517 MHz 

B” 

, = 

4252,82 MHz 

B' = 

4251.9116 MHz 

C« 


4133.43 MHz 

C' = 

4134.4230 MEs 

^1 


123.30996 KHz 

t’ 

bbcc 

= -46.01784 KHz 

T2 


-20,05883 KHz 

t’ 

ccaa 

= . - 1 .81674 MHz 

•^3 

= 

6.80856 KHz^ 

T* 

a abb 

= 1 .98607 MHz 


Moments of Inertia 


= 20.145305 amu X 

= 118.833150 amu 

* 122.265528 amu A' 

c 

2 .^ 

t = - 16.712927 amu X 


^ The conversion factor = 505376. MHz amu X 

The value of To using the planarity condition and is 

not, strietly speaking, a deteimainable parameter, 

c 

These parameters are calculated from A" , B" , G" , 

and thus obey the planarity conditions used to calculate 


Inertia defect 4=1 


^a - ^b- 
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Table 4,5 . Microwave spectnim of the state of NGLG1 




Std dev 

= 0.036 MHz 

Transition 

Calculated 

freq 

MHz 

Observed 

freq.* 

MHz 

C. D. Correc- 
tion 

MHz 


20937.673 

20937.680 

-0.327 


20820.482 

20820,448 

-0.328 

^1,0"®0,0 

29345.940 

29346.021 

-0.090 


21055.650 

21055.621 

- 0.033 

^1,2~^0,2 

20704.057 

2 o 7 o 4 .i 42 

-0.056 


21233.562 

21233.548 

- 0.014 

^ 1 , 3 '^ 0,3 

20530.322 

20530.320 

0.329 

5i.5-5o.5 

20015.632 

20015,612 

1.323 


22140.139 

22l4o.l26 

3.171 

^i,6”^0,6 

19677.945 

19677 .929 

1 .858 

’^U7'’^0,7 

19289.487 

19289.447 

2 . 357 

®1,8”®0,8 

18852,809 

18852.764 

2 .772 

^ 1 , 8 “^ 0,9 

23649.267 

23649.282 

9 . 144 

, 9 '^° 0,10 

24299.131 

24299.108 

12 .251 


25028.105 

25028 .097 

16.116 


17284.338 

17284.350 

2 .988 

, 12“^^0, t2 

16687.375 

16687.378 

2.554 

^^ 1 , 12 *'^^ 0, 13 

26738.959 

26738.944 

26.730 

, 13 ''’^ 0 ,i 4 

27729.133 

27729.155 

33.843 

^^ 1 , 14 ’’^ 0,14 

15407.081 

15407.099 

0.684 


*The obserir©d. transition frequencies aire corresponding to 
the observations of Botskor et ai, ° 



Table 4,5 (...Contd.) 



28814.892 

28814.900 

42.443 


29228.748 

29228.865 

-0.092 

4 4^ 

^1,4’^0,4 

20300,364 

20300.415 

0-800 

,7”^0,8 

23074.941 

23072.529 

6 , 665 

9 -9^ 

^1,9 ^0,9 

18370.823 

18360. 781 

3.050 


25840.028 

25839.015 

20.885 


16060.130 

l6c6o.4oi 

1.796 


^Transitions not inoludod in the least square fit. 
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l^ble 4 . 6 . Rotational and centrifugal distortion constants 
of T, state of NGIJ 31 


Watson* s determinable ; . : r 

parameters 


Kivel son- Wilson* s derived 
parameters* ^ 


A” 


25083.42 MHz 

A* = 

25083.441 MHz 

B” 

= 

4262.61 MHz 

B’ = 

4263.1112 MHz 

C" 

= 

4145.42 MHz 

C’ = 

4145.1100 MHz 

^1 

= 

424.90369 

KHz 

t' 

bbcc 

- 42.24223 KHz 

"^2 


82.50945 

KHz 

x' 

Gcaa 

= 1 .00255 MHz 


= 

-9.47154 

MHz’^ 

T* 

aabb 

= -619.88993 KHz 

T* 

aaaa 

-1. 26112 

MHz 



x' 

bbbb 

= 51.30126 

KHz 



x‘ 

cccc 

= 45.19271 

KHz 




Moments of Inertia 

2 ^ 

20 . 1478 T 1 amu i 
118.560225 amu 
121.911893 amu 
-16.7 961 42 amu 1 . 



a 2 ' 

The conversion factor = 505376 . MHz amu ^ 

b 

The value of is set using the planarity condition and 

is not, strictly speaking, a determinable parameter. 

C ' 

These parameters aure calculated from A” , B" G” , and 

and thus obey the planarity conditions used to calculate 

Inertia defect & = I - I - I. . 

c a D 
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Table 4 ,J. 

Microwave spectrum of T2 state of NO 1 X 5-1 

Std dev = 0.126 MHz 

Transition 


Calculated 

freq. 

MHz 

Obseirved 
freq.* ' 

MHz 

C.D. Correc- 
tion 

MHz 

, 1"%,0 


29252.273 

29252.490 

-0.257 



29368.814 

29369.115 

-0.256 

^ 1 , 2 "^ 0,2 


20709.768 

20709.752 

- 0.070 



20308.350 

20308.290 

0.850 



20825.538 

20825.480 

-0.352 

2 _2 

1,1 0,2 


21059 . 4 o 4 

21059.321 

-0.054 



21236.320 

21236.177 

0.4o6 

^i, 3 "^ 0,3 


20537.012 

20537.042 

0.337 

^l, 5 '’^ 0,5 


20025.226 

20025 .291 

1 .441 

^l, 5 "^ 0,6 


22137.605 

22137.524 

3.006 

^1, 6-^0, 6 


19689.443 

19689.529 

2.079 

7 i. 6 ” 7 o .7 


22567.706 

22567 .493 

4 . 4 o 5 

’^i. 7 "’^ 0,7 


19303. 168 

19303.248 

2.723 

®l,7-^0,8 


23066,620 

23066 .433 

6.162 

®1 ,8‘®0,8 


18868.929 

18868.981 

3.330 

, 9 "^ 0,9 


18389.606 

18389.657 

3.848 

^1 , 8 '"^o ,9 


23637.253 

23637.123 

8.359 

^®i,io-% 

.10 

17868.425 

17868 .409 

4.221 

’° 1 , 9 -^<> 0 , 

10 

24282 .836 

24282 ,772 

1 1 .095 


,11 

25006.405 

25006.920 

14.496 


The observed transition frequencies are corresponding to 
the observations gf Botskor et al.^^ 
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Table 4«7 (,..Contd.) 



17308.9^4 

17308.285 

4.390 

, 12"^^0, 12 

16715.032 

16714.969 

4.293 

12 

25813.267 

25813.340 

18.716 


16090. 84 1 

16090.839 

3.867 

’^ 1 , 12 ’'‘ 3 o ,13 

26705.969 

26706.083 

23.947 


15440.775 

15440.847 

3.051 

^^1 , 13 "^^ 0,14 

27689.250 

27689.233 

30.420 


^Transition not included in the least square fit. 



Table 4 . 3 > 


Rotational eind centrifugal distortion constants 
of T2 state of NGUjI 


Watsoa 

* s determinable 

Kivelson-Wilson* s derived 


a 

arameters 


paraiE-eters^' 

A” 

= 

25097.48 MHz 

A’ 

25097 .472 MHz 


= 

4271.59 MHz 

B' = 

4272.2451 MKz 

Qtl 

= 

4155.05 MHz 

C» = 

4154.5148 MKz 

T 

1 

= 

233.92696 KHz 

t' 

bbcc 

= -15.77095 KHz 


= 

22.45613 KHz 

ccaa 

= 1.31 007 MHz 

■"3 


8.35686 MHz^ 

t’ 

aabb 

= -1.07037 MEz 


t' 

aaaa 

"^bbbb 

T* 

CCCC 


- 1 .43995 MHz 
-32 .38502 KHz 
> 36,55118 KHz 

Momenta of Inertia 
I = 20.136523 arau 

d 

= 118.310979 amu 

= 121.629342 amu 3 ^ 

r\ 

4 = -I6.8I8I60 amu ^ 


a 2 

The conversion factor = 505376 . MHz amu ^ 

■ D 

The value of t,, is set using planarity condition and is not 
strictly spealcing, a determinable parameter, 

c : . 

These parameters are calculated fr®m A”, B” , C* , , ^2 ^^8 

and thus obey the planarity conditions used to calculate 
d 

Trier tia defect 4 = 1 - 1 - I, . 

C 'a b 
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Table 4.21 , Microwave spectrum ot ground state ot NGLT 

Std dev = OAOJ ME* 


Transition 

Calculated 

freq. 

MHz 

Observed 

freq.* 

MHz 

C. D. Cor- 
rection 

MHz 

, 29 “^^ 0,29 

8115.070 

8115.081 

-112.183 

^^ 1 , 28 *'^® 0,28 

8630.551 

8630.580 

-I 02 . 4 l 4 


9158.693 

9158.630 

-92.556 


37823.504 

37823.896 

426.526 

^^,2«-26o.26 

9697.486 

9697.228 

-82,738 

26^ 25-260^2$ 

36310.608 

36310.553 

366.675 

, 25 "^^ 0 , 25 ^ 

10244.635 

10244.330 

-73.087 

^ 5 , ,24-25o,25 

34880.545 

34880. 4o4 

313.631 


10798 »079 

10797.674 

-63.726 

2 S. 23 ’ 2 S ,24 

33531 .904 

33531.646 

.166,863 

^^i,23“^3o,23* 

11355.345 

11354.841 

-54.767 

^^1 ,22“^^0,23 

32262.739 

32262.455 

225.863 

> 

,22"^^0,22^ 

11913.922 

11913.301 

-46.311 

^^1,2f'^^0,22 

31070.963 

31070.741 

190.102 

21 -21 ♦ 
‘l,2l“^^0,2l 

12471.224 

12470,488 

-38.442 

^''t.20“^^0,2f 

29954.317 

29954.100 

159.086 

20i.20*^°0.20* 

13024,615 

13023.712 

-31.230 

^®1,19''^°0,20 

28910.410 

28910.295 

132.334 


13571,445 

13570.605 

-24.726 


27936.755 

27936.715 

109.389 


14109.075 

14108.176 

- 18.962 


^Observed transition i^requexwlss s^re corresponding to the 
observations of Botskor et ai,^ 

^Transitions not included in the fit. 



Table 4 .21 (...Gontd.) 



27030.811 

27030.907 

89.822 


14634.899 

14634 ,016 

-13.952 


26190.016 

26190.128 

73.235 

1 , 16"^®0, 16 

15146.376 

15145.509 

-9.691 

i6 , . . X 

1,15 0,16 

25411 .817 

25412 .027 

59.257 

’‘^ 1 , 15 '‘^ 0,15 

15641 .o 44 

15640 . I 4 l 

-6.161 

, 14 "^^ 0,15 

24693.704 

24693.950 

47.553 

^^ 1 , 14 " ■‘^0,14'^ 

16116.545 

16115.739 

-3.324 

, 13 "’^ 0,14 

24033.232 

24033.663 

37.816 

1 

0 

16570.634 

16569.854 

-1.134 

^ 31 , 12 -^ 3^,13 

23428 .045 

23428 .549 

29.769 

^^1 , 12 "^^ 0 , 12 * 

17001 . 195 

17000.664 

0.468 

12 ^ ,.- 12 „ _ 
1,11 0,12 

22875.894 

22876.381 

23.168 

”l,ll-”o, 1 i* 

17406.250 

17405.673 

1.549 

"l, 10 -’V .11 

22374.653 

22375.175 

17.793 

’° 1 , 10 "'° 0, 10 

17783.966 

17783.556 

2.182 

’° 1 . 9 -’° 0.10 

21922,334 

21922 .781 

13.451 

^ 1 , 9 "^ 0 , 9 * 

18 132. 661 

I8I32.328 

2.443 

,8-9o,9 

21517.093 

21517.592 

9.974 

5*1 , 9 "^ 2,6 

14406.498 

l 44 o 6 .990 

-19.569 

®i , 8 "^ 0 , 8 * 

18450.807 

18450.597 

2 . 4 o 8 

® 1 , 7 -''o ,8 

21157.241 

21157.723 

7.216 

■^nT'^o,? 

18737.031 

18736.846 

2.153 

'^i, 6 “’^o ,7 

20841 .250 

20841 .740 

5.051 


^Transitions not included in the Tit. 
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Table 4.21 (...Contd.) 



f . * 

18990.116 

18990.130 

1.751 

1,6 0,6 

^ 1 , 5 ’^ 0,6 

20567.756 

2056s .196 

3.372 

^ 0 , 6 “^i, 5 * 

31090.831 

31089.576 

-3.180 

^1 , 5 "^o ,5 

19209.001 

192 C 9 .o 4 o 

1 .269 

^1 , 4 “^o ,5 

20335.560 

20335.979 

2 .088 

^1, 4 -^ 2, 3 

16803.542 

16803.204 

- 4.415 

^ 0 , 5 "^i ,4 

22526.398 

22525.584 

-1 .667 

h _4 . 

20143.636 

20144 .077 

1 , 126 

1,3 0,4 

^1 , 4 "^c ,4 

19392 .780 

19393.000 

0.768 

^ 0 , 4 "^ 0,3 

33537.076 

33536.415 

-0.267 

^i, 3 "^i ,2 

33689.586 

33688.922 

0.434 

^i, 4 ~^i, 3 '^ 

33388.435 

33388.467 

-O.518 


13996.375 

13995.240 

-0.568 

^1 , 2 "^ 0,3 

19991 .125 

19991 .5 o4 

0.425 

, 3 "^o ,3 

19540.701 

19540.866 

0.301 

^2 , 1 "^2 , 0 

25157.283 

25156 .214 

1 .818 

3 -2 * 

^2 ,22,1 

25155.824 

25156 -2l4 

1.214 

“1 _ _2 - ^ 

25153. 818 

25153.33^ 

0.063 

-^0,3 0,2 

3 i, 2-^.1* 

25267 .600 

25267 .142 

0.549 

T _ _2 , _ ^ 

5501 .653 

5500.896 

0.151 

- 0,3 1,2 

^1,1-^0,2 

19877 .343 

19877.455 

-0 . 066 

-2 

*^1,2 0,2 

19652.165 

19652 .428 

-0.089 

2 _1 
^1,1 "o,i 

36647.036 

36646.878 

0.106 

2 -1 
^1 ,2 *0,1 

36421 .858 

36421 . 8 o 4 

0.078 

t Transitions 

not included 

•i T, th© f i 1* * 
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Table 4,21 

{ , . .Gontd. ) 



^ 1 ,2~U , 1 

16694.673 

16694.807 

-0.017 

2 ^-1 

0,2 0,1 

16769.693 

16769.306 

0.167 


16845.262 

16844.953 

0.472 

o 

1 

o 

19801 .774 

19802.133 

-0.366 

1 , ,-1 

1,1 0,1 

19726.722 

19726.937 

•-0.367 

1 -- 
1,1 ''0,0 

20111.713 

281 1 1.890 

- 0.247 

1 -O 

0,1 0,0 

8384.991 

8384.856 

0.121 

o 

1 

o 

o 

O 

. 28186. 765 

28187.105 

-0.245 


t Tranoitions not included in the fit 



Table 4 . 22 , Rotational and centrifugcil distortion constants 
oi the ground stata of NGLT 


Watson* s determinable parameters Kivelson~¥ilson' s derived 

parameters ^ 


A” 

?= 

23957.05 MHz 

A' = 

23957.045 MHz 

B" 

= 

4229,96 MHz 

3 ’ = 

4229.515 MHz 

C« 

= 

4154.91 MHz 

O' 

4155,^86 MHz 



253.78012 KHz 

^bbcc ~ 

-9.28617 KHz 

"2 

= 

24.85132 KHz 

b 

T* 

ccaa 

-889,95927 Eiz 

"3 

.•r 

657.88934 KH» 

aabb 

1.15302 MHz 

T» 


= wl , 47810 MHz 



aaaa 



T* 

bbbb 

= -8.43832 KHz 



T* 

cccc 

= -15,97124 KHz 





Moments of Inertia 




I = 21,095085 

a 

2 ^ 

amu 




= 119.^75360 

amu 




I = 121.633441 

amu ^ 





pd 




A = - 18.937004 

amu K 



The conversion factor = 505376 . MHz amu 
b 

The value of Xj is set using the planarity condition and is 
not strictly speaking, a- determinable parameter. 

G 

These parameters are calculated from A", B" , C” , » “’^2 ^ 

and thus obey the planarity conditions used to calculate 

inertia def ec t A = I - I - I, . 

c a b 
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Table h,22 . Rotational auid centrifugal distortion constants 
of the ground state of NGLT 


¥atson 

s deterHiinabla paramstars 

Kivelson-¥ilson' s derived 





p ar am a t ers ^ 

A” 


23957.05 MHz 

A* 

23957.045 MHz 

B» 

=: 

4229.96 MHz 

3 ’ = 

4229,515 MHz 

C‘* 

= 

4154.91 MHz 

C’ 

4155.486 MHz 


=: ■ 

253.73012 KHz 

"^bbcc 

= -9.28617 KHz 

^2 

= 

24.85182 KHz 

b 

c c asb. 

= -889,95927 KHz 

"3 


657.80984 KH» 

aabb 

= 1.15302 MHz 

x» 


= - 1,47810 MHz 



aaaa. 




^bbbb 

= - 8.43832 KHz 



x’ 

cccc 

= -15,97124 KHz 




Moments of Inertia 


^a 

= 21.095085 

amu 


^b 

= 119.^75360 

amu 

f 


= 121.633441 

amu 

r^d 

A 

= - 18.937004 

amu 



sl 2> 

The conversion factor = 505376. MHz amu %. 

b' ■ 

The value of is set using the planarity condition and is 
not strictly Speaking, a- determinable parameter. 

c 

These parameters are calculated from A", B" , C” , and x^ 

and thus obey the planeirity conditions used to calculate 

inertia defect A=:I -i_i, . 

c a b 
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Table 4,23 . Tlie migroviave Spectrum of state of HGLT 




Std. 

dev = 0.128 MHz 

Transition 

Calculated 

freq. 

MHz 

Obcfryed* ’ 
freq, 

MH« 

C.D. Correction 

MHz 

1 ^0 

0,1 0,0 

8397 .245 

8397.170 

O.C 95 

1 -1 

1»0 0,1 

19866.244 

19866.288 

-0.216 

2 _1 

0,2 'o,1 

16794.134 

16793.933 

o.o4o 

2 -1 

1,2 'l ,1 

16720.612 

16720.718 

0,062 

^i,i"^a ,2 

19940.491 

19940.585 

0.076 

'^i, 6 "'^o ,7 

20886.913 

20886.895 

4.731 

®l, 7 ’^ 0,8 

21196.933 

21196.860 

6.638 

^1,1’^1,0 

16868.382 

16868,165 

0*332 

^ 1 . 8 “^ 0,9 

21549«855 

21549.814 

9.o43 


21947.137 

21947,113 

12.053 

^^1,11"^ ^Orll 

22390.393 

22390.422 

15.796 

’^1 ,11“^^0,12 

2288 1 , |88 

22881,447 

2©, 421 

^^1,12"’^0,13 

23422 .032 

23422,164 

26.106 

^^1 , 13 "^^ 0 ,l 4 

24014.373 

24014.520 

33.056 

^5i,i4“^5^,i5 

24660.589 

24660.712 

41.512 


25362,969 

25362.952 

51.751 

^7i,i6-’7o,17 

26123.910 

26123.582 

64 . 092 

’®1.17’^«5.18 

26945,886 

26945,040 

78.902 


27831,440 

27832 ,678 

96.595 


* 

O^^srved traasiti#n frequencies are corresponding to idtie 
observations of Bptskor et al.^? 

^^Transitions not included in the fit. 
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Table 4.23 (...Gontd.) 



28783.154 

28783.225 

1 17 .642 

^ 1 , l-^jO 

28189.737 

28189. 772 

-0.122 


36513.354 

36513.270 

0.094 

, l"’o, 1 

36734.625 

36734.506 

0. 1 16 

2 -2 

1,2 0,2 

19719.220 

19719.292 

0.055 

,2”^1 ,1 

25302.089 

25302 .079 

0. 142 

^ 0 , 3 '^ 0,2 

25190.310 

25190.273 

-0.317 

3 -2 

^ 1,3 1,2 

25080.714 

25080.735 

0.016 

^ 0 , 3 ’^n 2 

5471 .089 

5471 .700 

-0.372 

^1 , 2 “ 3 o ,3 

20052.271 

20052 .091 

0,536 

^n 4 - 3 i ,3 

33440.357 

33436.965 

-0.432 

^ 0 , 4 ~^ 1 ,3 

13975.739 

13975.650 

-1.569 

4 -3 

1,3 ^1,2 

33735.214 

33735.407 

-0.474 

^1, 6-^0, 6 

19068.536 

19068.680 

1.995 

’^l, 7 ”’^ 0,7 

18819,762 

18819.620 

2.506 

®1 ,8"®o,8 

18538.385 

18538 ,415 

2.927 

^ 1 , 9 "^ 0,9 

18225.583 

18225.640 

3.196 

0 

o 

1 

o 

o 

o 

17882.685 

17882.668 

3.247 

^^1,11“^ 

17511.165 

17511.085 

3.010 


17112.642 

17107.689 

2.413 

14 l 4 ^ 

1 ,14 ’^ 0,14 

16241 .769 

16243.350 

-0. 156 

^Ti*ansitions not 

included in 

the fit . 
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Table 4,24 . T^ state rotational and centrifugal distortion 
constants of NG-LT 

Watson' s determinable Kivelson-Wilson' s derived 

parameters p airame ters^ 


A" = 

24o28.l6 MHz 

A' = 

24o28.152 MHz 

B« 

. 4235.45 MHz 

3 » 

4235.9017 MHz 

C»» 

4l6l .70 MHz 

C 

4161.3658 MHz 

"1 = 

219.70376 KHz 

t’ 

bbcc 

= - 15.27099 KHz 

"2 = 

20.89681 KHz 

T* 

ccaa 

= 903.38986 KHz 

T 3 

9.28363 MHz^ 

^ a abb 

= - 668.41510 Ifflz 

aaaa 

= - 897.18011 KHz 



T* 

bbbb 

= - 26.50925 KHz 



T* 

cccc 

= - 32.19877 KHz 




Moments 

of Inertia 



I- = 21.032655 amu ^ 

cl '* 

= 119.320497 amu 

= 121.434990 amu 1 

2*^ 

A = - 18.918162 amu 1 


' ' o 

The conversion factor = 505376. MHz amu A 

The value of to is set using the planarity condition and is 
not, strictly speaking, a determinable parameter 

*^These parameters are calculated from A" , B*' , C” , and 

and thus obey the planarity conditions used to calculated . 

inertia defect A = I - I - I, . 

C'. , a' ■ , , 'O 
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Talale 4.25. The microwave Spectrum of Tg state of NSLT 




std© dev 

= 0.711 MHz 

Transition 

Calculated 

freq. 

MHz 

Observed* 

freq. 

MHz 

C.D. Correction 

MHz 

- 

1 

i 1 

0 1 

0 

0 

1 

8407.848 

84 g 7 .720 

0.118 


19929.303 

19930.248 

-1.017 

2 -1 

0,2 0,1 

16815.381 

16815.138 

0.126 


16889.658 

16889.371 

0.448 

^ 0 , 3 '^ 0,2 

25222.281 

25221.954 

-0.089 

, 2"^1 , 1 

25334.105 

25333.754 

0,418 

4 4 *" 

^ 1,3 ^ 0.4 

20265.262 

20266.454 

0.530 


33482,614 

33482.440 

-0.396 

^ 1,6 ”^0 , 6 

19131 .782 

19131 .870 

i. 4 i 2 

®l, 7 ‘^ 0,8 

21260.53^ 

21261.952 

6.471 

® 1 , 8 "^ 0,8 

18601 .671 

• 18601 .430 

2.442 

^ 1 , 9 *^ 0, 9 

18288.863 

18288.440 

2,752 


17945.935 

17945.387 

2 . 84 o 

^"‘1,11“’ ^ 0,11 

17574.362 

17573.614 

2.638 

^^1 , 12 ”^^ 0,12 

17175.766 

17175.202 

2.080 


23486.221 

23487.216 

27.018 

, 13 “^^ 0,13 

16751.914 

16751 , 184 

1.101 


Observed transition frequraicies are c orresponding to the 
Obsejrvations of Botslcor ©t al,'^^ 

^Transition not included in the fit. 
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Table ^ *25 ( • • ^Contd, ^ 



16304.709 

16304.154 

- 0.359 

’5,,,4-’5o,i5 

24724.629 

24724.950 

42.707 

’5,,15-^5c,15 

15836.190 

15835.636 

- 2.355 


25426.698 

25426.496 

52 . 922 

’7i,,6-'7o,,7 

26187.074 

26186 .176 

65.047 


14843.964 

14844.072 

-8.131 

05 

»>« 

1 

00 

o 

00 

27008.145 

27009 .068 

79-358 

"*^ 1 , 18 "^® 0,18 

14324.899 

14325.415 

-11.971 

"'^1 , 19 ‘’‘^ 0,19 

13793.773 

13794.877 

- 16.465 


16741 .825 

16741 .950 

-0.115 
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Table 4.26 . Rotational and centrifugal distortion constants 
of Tg state of NGLT 

¥a tson* s determinable Eivelson-¥ilson derived 




parameters 


parameters'^ 

A” 


2 4 097. 31 MEz 

A’ = 

24097-303 MHs 

B" 


4240.74 MHz 

B* 

4240.2136 MHz 

C" 

- 

4166.99 MHz 

C* = 

4167.6511 r-lHz 

^1 

=: 

254.99196 KHz 


= - 14.49948 KHz 


• = 

21.40973 KHa 

T* 

ccaa 

= - 1.05281 MHz 

■^3 

= 

2.50891 MHz^ 

*^aabb 

= 1 .32230 MHz 

t’ 

aaaa 

= - 4.08951 MHz 



^bbbb 

= -15,13236 KHz 



T* 

cccc 

= - 21.44358 KHz 




Moments of Inertia 

2^ 

= 20.972299 amu i 

= 119.171654 amu 1 

I = 121.280828 amu A 

A = -. 18.863125 amu 



St 2 

The conversion factor = 505376. amu %. 

^The value of Tj is set using the planarity condition and is 
not, strictly spealcing , a determinable parameter 


*^These parameters are calculated from a" , B” , C" , and 

and thus obey the planarity conditions used to calculate 





Transitions of the t i-^i r series of NG-Ll 
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Rotational and Centrifugal distortion constants 
of Allylamine in their ground state 


Cons tant 


Value for NGlJGrI Value for NGLT 


Watson's determinable parameters 


A« 

B" 

C" 


1 



^aaaa 

u,- I 

Sbbb 

T' 

coco 


25086.54 MHz 

4252.82 MHz 
4133.43 MHz 
123.30996 KHz 
-20.05883 KHz 
6.80856 MHz 
-286.38259 KHz 
-49.95033 KHz 
-56.43834 KHz 


23957.05 MHz 
4229.96 MHz 
4154.91 MHz 
253.78012 KHz 
24.85182 KHz 
657.88984 KHz 
-1.47810 MHz 
-8.43832 KHz 
-15.97124 KHz 


Kivelson-Wilson' s parameters 


A' 

25086.517 MHz 

23957.045 MHz 


B' 

4251.91 16 MHz 

4229.515 MHz 


C 

4134.4230 MHz 

4155.486 MHz 


bbcc 

-46.01784 KHz 

-9.28617 KHz 


f'’ 

■C C 

-1 .81674 MHz 

-889.95927 KHz 


/ 

aabb 

1 .98607 MHz 

1.15302MHz 


Moments 

of Inertia and Inertia Defect 



^a 

2o. 145305 amu 

21 .095085 emai 


Ib 

118. 833 150 amu 

1 19.475360 amu 



122.265528 amu 

121 .633441 amu 



-16.712927 amu 

-18. 937004 amu 

A^ 
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?abl© 


Hotational and Centrifugal distortion constants 
of Allylamine in their ground state 


Cons tant 


Value for NGrIill 


Value for NGLT 


Wa t 8 on»s determinable parameters 


25086.54 MHz 


23957.05 MHz 


4252.82 MHz 


4229.96 MHz 


4133.43 MHz 


4154.91 MHz 


123.30996 KHz 


253.78012 KHz 


- 20.05883 KHz 


24.85182 KHz 


6.80856 MHz 


657.88984 KHz 


aaaa 


Sbbb 


- 286.38259 KHz 
-49.95033 KHz 
-56.43834 KHz 


- 1.47810 MHz 
-8.43832 KEz 

-15.97124 KHz 


Kivelson-Wilson* s pgurameters 


25086.517 MHz 


23957.045 MHz 


4251.9116 MHz 


4229.515 MHz 


4134,4230 MHz 


4155.486 MHz 


bbcc 


ccaa 


'aabb 


- 46.01784 KHz 
-1.81674 MHz 
1.98607 MHz 


-9.28617 KHz 
-889.95927 KHz 


1 .15302 MHz 


Moments of Inertia and Inertia Defect 


20.145305 amu r 


21 .095085 amu I'" 


118.833150 amu F 


119.475360 amu i** 


122.265528 amu i 


121 .633441 amu k 


-16.712927 amu i 


■18 . 937004 amu &. 
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The present stxidy will be very helpful in the following 

ways: 


1. The centrifugal distortion correction value is large 
at higher rotational qpantum nurrODerS/ hence the centrifugal 
distortion constants will be very helpful for the fiirther 
study of the spectra at higher rotational quantxm numbers. 


2. The centrifugal distortion analysis will be of use in 
obtaining further support for the assignment of the observed 
spectra. 

3. Before information on the molec-ular structure can 
be obtained, the spectral constants a", b", C" must be cor- 
rected for the contribution of distortion. By means of planar 
relations three values of rotational constants A, B, C can be 
obtained from different sets* of f's. The values quoted in 
Table A for distortion free rotational constants A, B, C have 

been obtained by using the values extracted from t. and t , 

1 cccc 

via the planar relations. This gives results which are 

intermediate between the two sets (extracted from T 2 and 

‘''n/ ^ „ ) of rotational constants. Hence with these values 

2 cccc 

of rotational constants the already known structure of the 
molecule will be refined. 

4. The problon of determining moleciilar force field 
has been a si±)ject of keen interest. ” The force constants-^' 


*Different sets give different values of difference 

between them reflects the breakdown in planarity conditions. 
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5^ 

have been calculated theoretically by Coulson et al. ‘ and 

55 

Anderson . The distortion constants depend explicitly on 
the elenents of the inverse force field constant matrix. In 
particular, under the assumption of small oscillations 


ODsoa 


= P'tt ^ ^}p = 2 l, b or c) 

» , , aa a a il 




vjhere Ra = 


a| 


RI<; 


2 ' 


R = 


lO' 


11 

-22 


2h 


and Aq = 


8^ 


is the rotational constant in MHz, fT . are the elements of 


(i) 

inverse force constants matrix and = 


given by Kivelson and Wilson. 


20 


aSi 


have been 


So the above stiady v/ill be helpfvil for the determination 

of force field constants and hence the vibrational frequencies 

and Coriolis coupling constants. The importance of supplementing 

the vibrational frequency data with vibration-rotation data 

56-57 

has been pointed out by Duncan and Mills. 
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Table A t, Ground state rotational constants (distortion free) 


Molecule Value in MHz 

« 

(i) HNO^ ■ A = 13010.966 

B = 12099.860 

c = 6260.702 

(ii) 12103 A = 12970.519 

B = 11312.726 

c = 6035.038 

(iii) A= 5576.182 

B * 3189.399 

C = 2813. 184 

(iv) NGiG-1 A = 25088.484 

B = 4253.212 

c = 4131.473 

(v) NGLT A s 23958.204 

B = 4230.674 

c = 4153.74s 
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1516 microwave spectrum of Difluo ranine -(HF^h) was studied 
by Lide (J. Chon. Phys. 38 , 456 (1963)') who reported the microwave 
spectrim of the molecule up to J=19 in the frequency region 15-36 
GHz, In fitting the data to the rigid rotator formula, he found 
that there is discrepancy between observed and calculated values 
of several MHz even at fairly lov; J values. He found that the 
Q-branch transition frequencies can be fitted satisfactorily 
(within +^4 MHz) by introducing a single term of the form 

J (j+l). However, good agreement was not found for the 
R—branch transitions. For example, the value for the 9^ ^-8^ ^ 
(R-branch) transition differed by 33 MHz from the observed value. 

The molecule NF 2 H is a near prolate symmetric top with 

allowed b- and c-type rotational transitions, nineteen transitions 

were- observed by Lide which make the centrifugal distortion 

analysis possible for this molecule. The analysis of the spectnsn 

v/as performed in the same lines as discussed in Chapter 2 of the 

thesis. The results of the analysis are shown in Table A1 and 

the rotational and centrifugal distortion constants are given in 

Table A2 along v/ith the distortion free rotational constants. 

■the 

It is gratifying to note from the table A1 that tee agreement 
between the observed and the calculated values from the present 
study has come to within + 0.06 MHz. 



Table A1 


♦ Microwa-ve spectnim of NF^H 




Std. 

dev = 0. 

035 MHz 

Transition 

Obsearved 

freq. 

MHz 

Calculated 

freq. 

MHz 

Obs-cal 

freq. 

MHz 

C.D. Co: 
rec tion 

MHz 

^ 0 , 3 "^ 1,2 

19583.52 

19583.522 

- 6.002 

- 0.683 

^o,3"^i, 1 

15088.89 

15088.905 

- 0.015 

-0.513 

o 

! 

r* 

35523.72 

35523.702 

0.018 

1 . l 44 


32497.20 

32497.218 

- 0.018 

- 2.422 

^i, 5 “^ 0,5 

3224 1 . 07 

32241 .062 

O.CO8 

2.773 

^ 1 , 6 "^ 2,3 

26234.22 

26234.247 

- 0.027 

- 11.235 

^i, 6 -S ,6 

28653.12 

28653. 121 

- 0.001 

5.001 

^ 1 , 6 *^ 2, 4 

24705.13 

24705.103 

0.027 

-3.361 

'^ 1 , 6 "^ 2,5 

33895.25 

33895.260 

- 0.010 

-18.696 

’^i, 7 “’^ 0,7 

24928.93 

24928.989 

- 0.059 

7.735 

, 6 "^ 2,4 

30861 .65 

30861 .627 

0.023 

-l6.4o8 

®l, 8 -® 0,8 

21237.18 

21237 . 172 

0.008 

10.778 

^2 7~^3 6 

22429.00 

22429.013 

-0.013 

8.910 

O _Q 

'' 1,9 ^ 0,9 

17728.35 

17728.287 

0.063 

13.8311 

52,7-S,5 

22778.60 

22778.575 

0.025 

8.175 


27046 . 08 

27046.083 

- 0.003 

18.233 

^ 72 ,, 6 -^ 7 i,, 6 " 

36008.70 

36008.703 

- 0.003 

155.277 

^^ 2 ,l 7 "^®l,f 7 

299^6.50 

29946.533 

-0.033 

164.200 

^^2 , , 18 

24567.50 

24567.^66 

0 . 03 ^ 

168.244 


*Tliis line was written as 17„ 

^ y I CJ * 0 ® » 
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Table P 2 . . Rotational and centrifugal distortion constants 
of NF2H 

Watson* s determinable Kivelspn-Wilson' s derived 


parameters 


parameters 

A" 

53019.806 MHz 


= 53019.781 MHz 

b" 

10895.809 MHz 

B’ 

= 10895.832 MHz 

c" 

9307 . 5^68 MHz 


= 9307.5898 MHz 


84.096 KHz 

^ bbcc 

= - 48.915 KHz 

"^2 

-17.498 KHz 

} 

T 

cc aa 

= 46,735 KHz 

T3 

2.183 MHz 

^ aabb 

= 86.275 KHz 

t' = 

aaaa 

3.64289 MHz 



T* — 

bbbb 

- 78.81664 KHz 



t’ = 

cccc 

-33.5131 KHz 




Distortion free rotational constants 

A = 53019.768 MHz 
B = 10895.819 MHz 
C = 9307.610 MHz 




